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Various redox mediators have been evaluated and characterized in dye-
sensitized solar cells (DSCs): tetramethylthiourea/tetramethylformaminium 
disulfide (TMTU/TMFDS2+), a series of dithioates, and cobalt (II/III) 
tris(bipyridyl) complexes ([Co(bpy)3]2+/3+). These mediators were 
characterized by electrochemical techniques such as cyclic voltammetry and 
potentiometry, while DSCs based on these mediators were characterized with 
a range of photoelectrochemical techniques, including current-voltage 
characteristics, incident photon-to-current efficiency, transient absorption, and 
impedance spectroscopy.  
Guided by the insights gained in these studies, cell components were 
judiciously selected and optimized, resulting in improvement of power 
conversion efficiencies (PCE).  Important contributions to this field include: (i) 
identifying that TMTU cannot be used with conventional ruthenium dye due 
to inefficient regeneration; (ii) improving PCE in TMTU based DSCs; (iii) 
developing new approach for accurately quantifying electron diffusion length 
in DSCs when it is shorter than the TiO2 film thickness; (iv) clarifying the 
importance of steric hindrance versus the charge on dye molecules in 
determining recombination kinetics; (v) identifying dye-dependent 
recombination pathways (surface states or conduction band) depending on 
steric bulk of the dye; (vi) improving PCE in ruthenium dye DSCs utilizing 
the [Co(bpy)3]2+/3+ mediator by incorporating alkylphosphonic acid 
coadsorbents into the dye monolayer.    
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at 280 K with ideal slope of 55.6 mV per decade indicated; c) VOC-I0 
characteristics for a DSC employing [Co(bpy)3]2+/3+ as redox mediator and 
Y123 as sensitizer (Y123-Co) at various temperatures; d) VOC-I0 
characteristics for Y123-Co cell at 280 K with ideal slope of 55.6 mV per 
decade indicated. 
Figure 7-11 a) Arrhenius plots of recombination resistance (Rrec) at various 
capacitance values; b) Plot of activation energy (EA) versus VOC corresponding 
to the capacitance values at 280 K (Vref). 
Figure 7-12 Dependence of a) recombination resistance (Rrec) and b) measured 
capacitance (Cmeas) on photovoltage (VOC) for DSCs employing [Co(bpy)3]2+/3+ 
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1.1 Solar energy  
1.1.1 Solar energy – The most promising renewable energy 
There are many potential energy sources available on earth, yet humankind 
only derives its energy from a few of these. By far, the most heavily utilized 
energy sources are the fossil fuels: coal, oil and natural gas. However, since 
the energy crisis in the 1970s, the need to search for alternative and renewable 
energy sources to replace fossil fuels has become globally acknowledged. In 
recent years, the search has further intensified due to growing public 
awareness of the potential for catastrophic global warming caused by carbon 
emissions from burning fossil fuels. For a very long period, nuclear fission has 
been considered to be a safe, clean energy source with high yield, and it is still 
utilized widely among many industrialized countries. However, the Chernobyl 
disaster and more recently the Fukushima disaster in 2011 have cast further 
doubts on continuing our use of nuclear energy.  
Among all the possible renewable energy sources (wind, tidal, geothermal, 
etc.), solar energy is most likely to satisfy the growing need for clean, 
sustainable, and most importantly safe energy supplies. This is because the 
rate of energy delivery by the sun is at least 100 times greater than that of all 
other renewable energies combined.1 Studies have shown that the energy that 
could be produced in 20 days by the sun with 1% conversion efficiency (i.e. 
only 1% of solar energy is used to generate power) is equal to all of the energy 
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stored in the earth’s reserves of oil, coal and natural gas. Furthermore, the total 
annual energy consumption by humankind in a year is dwarfed by the quantity 
of solar radiation falling upon the surface of the earth in just 40 minutes.  
1.1.2 Solar energy harvesting and conversion 
Solar energy refers to the energy that is obtained directly from sunlight or 
the heat generated by absorption of sunlight. Using light or heat from the Sun 
without changing to other forms is the most direct way to use solar energy. 
Indirect ways to use solar energy include using technologies to harvest heat or 
light from the Sun and convert it to other forms of energy (i.e. electricity, 
biofuels) for use or storage. The technologies involved in solar energy 
harvesting and conversion can be broadly classified into three groups: 1) solar 
thermal electric, 2) photochemical and 3) photovoltaic. One common solar 
thermal electric technology involves concentrating sunlight and using it as a 
heat source to boil water and drive a steam turbine to generate electricity, 
which can be traced back to 1860 when the steam was used to run engines and 
irrigation pumps.2 Photochemical technologies involve chemical reactions 
driven by absorbed sunlight, e.g. photosynthesis or water splitting.3 Solar 
energy can also be harvested and converted into electrical energy using 
photovoltaic devices, which are also known as solar cells. Although the design 
of different types of solar cells varies, the basic idea is always the same, that is, 
there is always a light absorbing material which can harvest sunlight and 
convert photon energy to excess charge carriers, which will then be separated 
and collected by selective contacts to generate power.  The power conversion 
efficiency (i.e. the ratio of the output and input powers) together with the 
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lifetime and total cost are the most important factors to assess in any solar cell 
system as they determine its usefulness and economic viability. 
The most important characteristic of any solar cell is its photocurrent-
voltage response, known as the j-V characteristic, from which the solar-to-
electric power conversion efficiency can be calculated. A simulated j-V curve 
is shown in Figure 1-1.  
 
Figure 1-1 A typical j-V curve labeled with photovoltaic parameters. The dashed red 
line is the power density. 
The most important parameters are the maximum power point, which 
occurs at a particular voltage (Vm) and current density (jm), short-circuit 
current density (jSC), open-circuit voltage (VOC), and fill factor (ff) (describing 
the “squareness” of the j-V curve). Cell power conversion efficiency (PCE) is 
the power density delivered at the operating point as a fraction of the power 
density of the incident light (irradiance), Pin. It is conventional to measure 
PCE with cells illuminated by simulated sunlight (AM 1.5G spectrum) at an 
intensity of 100 mW cm-2, also known as 1 Sun. PCEcan be calculated from 
the j-V curve as 
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PCE ൌ ݆୫ ൈ ୫ܸ
୧ܲ୬
ൌ ݆ୗେ ൈ ୓ܸେ ൈ ݂݂
୧ܲ୬
 1-1 
Besides PCE, jSC and VOC, the shape of the j-V curve can sometimes reflect 
processes occurring inside the device although its interpretation may not 
always be straightforward. More details of the j-V characteristic will be given 
in the following chapter. 
1.1.3 Development of photovoltaics 
Photovoltaic technologies involve the conversion of photon energy into 
electron energy, which is known as the photovoltaic effect and was discovered 
in 1839 by Alexandre E. Becquerel. Inspired by the photovoltaic effect 
discovered when illuminating a junction between selenium and platinum, the 
first solar cell based on selenium was reported in 1883 by Charles Fritts. 
However, intensive research on solar cells only began in 1954, when Bell Labs 
announced the invention of the first crystalline silicon solar cell with about 6% 
power conversion efficiency. Solar photovoltaic cells were soon extensively 
used in space satellites for electricity generation. In the 1950s, photovoltaic 
devices based on CdS, InP and CdTe p-n junctions were also studied 
experimentally and theoretically. Aiming at practical applications, more 
abundant and low cost materials were used and the first thin-film amorphous 
silicon photovoltaic cell was created by RCA Labs in 1976. A power 
conversion efficiency of 1.1% was achieved, which has since reached 13.4% 
in 2012. On top of this, another type of thin-film solar cell based on the 
inorganic material Cu(In, Ga)Se2 was invented in late 1976, with an efficiency 
of 20.3% reported in 2010. Nowadays, the top two PV devices with the 
highest power conversion efficiencies are based on multi-junction cells and 
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single-junction GaAs, which yield AM 1.5 1 Sun efficiencies of 37.7% and 
28.8%, respectively. Even higher efficiencies can be achieved with 
concentrated sunlight.4  
Over the past 20 years, the field of photovoltaic solar energy conversion 
has expanded beyond conventional p-n junction solar cells based on silicon or 
inorganic semiconductors such as CdTe and CuInSe2, and has developed 
towards the use of lower cost materials.5-8 Recent emerging photovoltaic 
devices include dye-sensitized solar cells, polymer-fullerene blend solar cells, 
quantum dot-sensitized solar cells, etc. Among all types of solar cells, dye-
sensitized solar cells (DSCs) have attracted much attention as they offer the 
possibility of inexpensive and efficient solar energy conversion, which will be 
introduced in detail in the following sections.  
1.2 Dye-sensitized solar cells 
1.2.1 A brief history of performance evolution 
Inspired by photographic technologies, where adsorbed dyes were used to 
extend the spectral range of the silver halide grains in photographic images, 
the first dye-sensitized Becquerel cell was reported by James Moser in 1887. 
Heinz Gerischer reported the first dye-sensitized photogalvanic cell in 1968.9 
However, a significant problem with this device is the insufficient light 
absorption, as less than 1% of the incident light was absorbed by a monolayer 
of dye attached to a smooth ZnO surface (Figure 1-2a). Attempts to harvest 
more light by using multilayers of dyes were also unsuccessful. Although 
efforts were made in increasing sensitization efficiency by either using 
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sintered ZnO electrodes or sensitizers with improved light harvesting, the 
solar-to-electric conversion efficiency remained below 1%. 10-13  
 
Figure 1-2 a) Gerischer cell and b) Grӓtzel cell. 
This problem was successfully solved in the modern version of the Grӓtzel 
cell (Figure 1-2b). A strikingly high efficiency was achieved by Grӓtzel and 
co-workers in 1985, when high surface area TiO2 electrodes were used.14 The 
first very high efficiency of the Grӓtzel cell (~7%) was reported in 1991 by 
O’Regan and Grӓtzel, when a newly developed ruthenium complex dye was 
used to sensitize nanocrystalline TiO2 films and an iodide/triiodide (I-/I3-) 
redox couple was used as an electron shuttle.15 Since then, research has been 
intensively focused on improving efficiencies by optimizing cell design and 
searching for alternative materials, in parallel with efforts to improve 
understanding of the fundamental electrochemical processes occurring in 
DSCs. The record efficiency for this type of DSC exceeded 11% in 2006,16,17 
while the current record for DSCs reached 12.3%, which was achieved by 
using an iodine-free redox electrolyte in 2011.18  
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1.2.2 DSC components and working principles 
A modern DSC is composed of a photoanode, sensitizer, redox electrolyte 
and counter electrode. The photoanode is composed of a fluorine-doped tin 
oxide (FTO) substrate upon which a porous nanocrystalline TiO2 film is 
deposited. The sensitizer, which harvests incident sunlight, is usually 
chemisorbed to the TiO2 via a carboxylate group. The electrolyte usually 
contains a redox couple, such as I-/I3-, and the counter electrode is composed 
of another piece of conducting glass coated with a thin layer of Pt that 
catalyzes the reduction of oxidized species in the electrolyte. The structure of 
a typical DSC is shown in Figure 1-3a.  
The main working principles are: light absorption by the sensitizer excites 
electrons from the ground state of the sensitizer (S) to the excited state of the 
sensitizer (S*) (process 1 in Figure 1-3b). Due to the energy difference 
between the excited state of the sensitizer and the TiO2 conduction band, the 
excited electrons are injected into the TiO2 conduction band (process 2 in 
Figure 1-3b). Electrons are then carried to the contact by diffusion (probably 
via a multiple trapping19 or hopping20 mechanism) where they are collected 
and enter the external circuit. At the same time, the now-oxidized sensitizer 
must be “regenerated” so that it can be excited once again. The reduced form 
(e.g. I-) of the redox couple in the electrolyte reduces the oxidized dye, itself 
becoming oxidized (process 3 in Figure 1-3b). The generated oxidized species 
(e.g. I3-) then diffuse to the counter electrode where they can be reduced back, 
thus completing the photo-electrochemical cycle.  




                   
Figure 1-3 a) Structural and b) energetic and kinetic diagrams of a modern DSC. 
Kinetic processes 1-6 are explained in the main text. 
Meanwhile, there are also some competing/recombination processes which 
deteriorate the overall performance. The decay of the excited state of the dye 
(process 4 in Figure 1-3b) is in direct competition with electron injection and, 
together with the forward injection rate, determines the injection efficiency. 
For the typical ruthenium-based dyes used in DSCs, the radiative decay of the 
excited state occurs on a nanosecond time scale (e.g. 10-60 ns for N719, N3 
dyes).21,22 If the electron injection occurs in the femtosecond time regime, as 
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measured with dye-sensitized films in air or inert organic solvents,23,24 then the 
competing radiative decay process is negligible; however, if the electron 
injection is as slow as 150-200 ps as measured in a complete DSC,22,25 then 
the  kinetic competition between these two processes can influence injection 
efficiency and DSC performance. The competing process to TiO2 electron 
collection is electron recombination with either electrolyte solution acceptors 
(process 5 in Figure 1-3b) or the oxidized dye (process 6 in Figure 1-3b). The 
kinetics of recombination with the oxidized dye is highly dependent on the 
nature of the dye and the electron concentration in the TiO2. For the I-/I3- 
system, recombination with the oxidized dye appears to be minimal in 
optimized devices, although there is evidence that recombination with the 
oxidized dye can become important at high voltages for some electrolyte 
compositions.26,27 Recombination with acceptors in the electrolyte is a major 
“unwanted” process in DSCs, which is always an issue limiting overall 
performance even in highly efficient I-/I3--based DSCs. As all of the 
components in a DSC are inter-connected, modification or substitution of any 
components can lead to changes in electron transfer kinetics in all of the 
above-mentioned processes. Thus, it is essential to re-evaluate all of these 
processes when developing new components for DSCs. 
1.3 Redox mediators 
Among all the constituent parts of the DSC, the redox mediator in the 
electrolyte solution, which must regenerate the sensitizer, shuttle electrons 
between the electrodes of the cell, and avoid undesirable backward electron 
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transfer, is no doubt a major determinant of the overall performance of the 
device.  
1.3.1 Criteria for evaluating redox mediators 
In order to determine whether a molecule is suitable for use as a redox 
mediator in DSCs, several aspects have to be evaluated, which are discussed in 
detail below. 
1.3.1.1 Redox potential 
As the maximum theoretically achievable VOC is determined by the 
potential difference between the TiO2 conduction band edge and the 
electrolyte redox potential, as shown in Figure 1-3, the redox potential has to 
be sufficiently lower than the TiO2 conduction band to develop as high a 
photovoltage as possible. At the same time, the redox potential has to be 
higher than the oxidation potential of the sensitizer to ensure sufficient driving 
force for efficient sensitizer regeneration, which was found to be at least > 0.6 
V (although this is probably much larger than required for the initial single-
electron reduction) for ruthenium-based dyes with halogens or 
pseudohalogens28 and as low as 0.15 V for a recently reported organic dye 
with the I-/I3- redox couple.29 To ensure DSCs operate properly, the redox 
potential is the first parameter to be examined when evaluating a new redox 
molecule for use in DSCs.   
The redox potential for a practically reversible system can be calculated 
from the Nernst equation: 
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where R is the universal gas constant, T is the absolute temperature, n is the 
number of moles of electrons transferred in the reaction, F is the Faraday 
constant, Cox is the concentration of the oxidized species, Cred is the 
concentration of the reduced species, and ܧ଴ᇲ is the formal potential, which is 
the adjusted form of the standard potential (E0) manifesting activity 
coefficients, and can be expressed as 




where ߛ௢௫  and ߛ௥௘ௗ	are the activity coefficients of the oxidized and reduced 
species, respectively. As the concentration of redox species, ionic strength and 
solvent all affect the activity coefficients, the formal potential ܧ଴ᇲ  will vary 
from medium to medium. For a reversible system, ܧ଴ᇲ  usually can be 
determined by potential sweep methods, e.g. cyclic voltammetry (CV), or 
differential pulse voltammetry (DPV) if the activity coefficients are near unity, 
(which should be the case for sufficiently low concentration). The redox 
potential, Eredox, for specific concentrations of oxidized and reduced species 
can then be calculated using eq. 1-2. 
A simulated cyclic voltammogram is shown in Figure 1-4. For a completely 
reversible system, 
∆ܧ୮ ൌ 59݊ mV at 25 °C 
1-4 
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where Ep is the difference between anodic peak potential (Ep,a) and cathodic 
peak potential (Ep,c). ܧ଴ᇲ can be determined by the half-wave potential (E1/2) 
as indicated in Figure 1-4, 
ܧ଴ᇲ ൌ ܧଵ/ଶ ൌ ܧ୮,ୟ ൅ ܧ୮,ୡ2  
1-5 
 
Figure 1-4 A simulated cyclic voltammogram. 
As capacitive currents can often be significant, especially when working 
with low concentrations of analyte or porous semiconductor electrodes with 
large chemical capacitance, it might be difficult to determine peak potentials. 
In this case, DPV is normally used to assist in identifying the half-wave 
potential, as capacitive current is not measured and the sensitivity is much 
higher than CV.   
However, when the redox reaction is quasi-reversible or totally irreversible, 
it is not simple to determine the formal potential from either CV or DPV as the 
half wave/peak potentials are shifted due to slow kinetics and depend on the 
scan rate. Eredox can however be directly measured by potentiometry with a Pt 
wire and a reference electrode immersed in the electrolyte solution. Details 
will be given in the experimental section in Chapter 2. 
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1.3.1.2 Diffusion coefficient 
When a DSC is under operation, the electron transfer cycle is completed by 
the movement of redox molecules shuttling electrons between the two 
electrodes.  Therefore, the speed of the movement of redox molecules will no 
doubt be an important factor determining the performance of the solar cell. 
The diffusion coefficient (D), which is proportional to the mean squared 
displacement of a diffusing particle at long times, is an important parameter to 
examine when evaluating a redox molecule for use in DSCs, as it determines 
the steady-state limiting current (jlim) that can be achieved in this system. jlim is 
proportional to the diffusion coefficient of the redox species with lower 
concentration (usually the oxidized species in DSCs).30 For a simple 
symmetric thin-layer cell (i.e. two large planar electrodes sealed together with 
an inert polymer spacer, separated by a thin layer of electrolyte solution), the 
concentration profile of oxidized species is shown in Figure 1-5. 
 
Figure 1-5 Steady-state concentration profile in a simple symmetric thin-layer cell at 
the limiting current density. 
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According to Fick’s first law, the diffusion limited current for this 
geometry can be derived as  
୪݆୧୫ ൌ 2݊ݍ ୅ܰܦ୭୶ܥ୭୶݈  
1-6 
where n is the number of moles of electrons transferred in the reaction, q is the 
elementary charge, NA is the Avogadro constant, Dox is the diffusion 
coefficient of the oxidized species in the electrolyte, Cox is the concentration 
of the oxidized species and l is the spacing between the two electrodes. The 
diffusion overpotential, Vd, can be interpreted as the change in Eredox needed 
to drive current j to flow in the cell, which also relates to Dox according to eq. 
1-2 and 1-6, 30  




There are several ways to estimate D of redox molecules, which are 
summarized as follows: 
(a) Stokes-Einstein equation 
 D can be estimated theoretically using the Stokes-Einstein equation, which 
asserts that for diffusion of spherical particles through liquid  
ܦ ൌ ݇୆ܶ6πߟݎ 
1-8 
where kB is the Boltzmann constant, T is the absolute temperature,  is 
viscosity, and r is the radius of the spherical particle. It is worth noting that 
since D is inversely proportional to , to maximize D, the redox mediators 
should be preferentially soluble in low viscosity solvent (e.g. acetonitrile, 
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mPa∙s at 25°C).31 There is also another frequently used equation for 
the diffusion of charged particles, known as the Einstein relation 
ܦ ൌ ߤ௤݇୆ܶݍ  
1-9 
where q is the electrical mobility of a charged particle and q is the elementary 
charge.  
(b)  Potential sweep 
D can also be estimated through cyclic voltammetry methods. As the peak 
current ip is proportional to √ܦ ∙ ݒ, where  is the scan rate, by measuring CV 
at several different scan rates, the diffusion coefficients of the oxidized and 
reduced species (Dox and Dred) can be obtained from the slope of ip,c2- and 
ip,a2-  plots, respectively.  
From the steady state current (iss) obtained from a potential sweep with a 
disk ultramicroelectrode (UME) at low scan rate, D can be calculated by 
݅ୱୱ ൌ 4݊ܨܦܥ଴ݎ 1-10 
where C0 is the initial concentration of the species, and r is the radius of the 
disk UME.  
A steady-state current can also be achieved in a symmetric thin-layer cell 
containing redox electrolyte by potential sweep at low scan rate, and D can be 
calculated according to eq. 1-6. 
(c) Impedance spectroscopy (IS) 
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Another way to estimate D is by measuring IS on thin-layer symmetric 
cells consisting of redox electrolyte. The basic principles of IS and the cell 
configuration will be explained in detail later in Chapter 2. Based on the time 
constant obtained by fitting the Warburg impedance, D for the redox species 





where d is the characteristic diffusion time constant, and l is the limiting 
diffusion layer thickness (equal to half the electrode spacing for a symmetric 
cell). 
1.3.1.3 Light absorption 
In a typical DSC, as shown in Figure 1-3a, solar light harvesting is fulfilled 
by sensitizing molecules, which will then be converted to photocurrent 
through the separation of excitons (bound electron-hole pairs) at the 
semiconductor / dye / electrolyte interface and subsequent collection of 
photogenerated carriers. Therefore, light harvesting should be 100% efficient 
to ensure maximum photocurrent. Any competing light absorption process, e.g. 
light absorption by the redox electrolyte, can potentially limit the obtainable 
photocurrent. An ideal redox mediator should have negligible light absorption 
in the visible spectrum where the solar power density is maximal. The 
absorbance/transmittance of the redox electrolyte can be characterized using 
UV-Vis spectroscopy measurements. 
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1.3.1.4 Counter electrode kinetics 
The counter electrode kinetics should also be considered when evaluating a 
redox mediator for use in DSCs, as the oxidized species of the redox couple 
has to be reduced back at the counter electrode so that the process of 
regeneration of the oxidized dye by the reduced species can proceed.  To 
ensure fast counter electrode kinetics, the charge transfer resistance for the 
reduction reaction should ideally be infinitesimally small so that the charge 
transfer overpotential, Vct, is infinitesimally small. Similar to the diffusion 
overpotential mentioned above, large Vct can lead to poor fill factors and 
even decreased jSC if Vct is very large. The current j is related to Vct by the 
Butler-Volmer equation 
݆ ൌ ݆ୣ ୶ ቈexp ൬ߙݍ∆ ୡܸ୲݇୆ܶ ൰ െ expቆെ
ሺ1 െ ߙሻݍ∆ ୡܸ୲
݇୆ܶ ቇ቉ 
1-12 
where  is the charge transfer coefficient and jex is the exchange current 
density. For large positive values of Vct, eq. 1-12 can be simplified and 
rearranged to yield  




Assuming zero mass transport overpotential for simplicity, the total bias 
voltage across the cell (Vbias) can be considered to be made up of two parts: the 
charge transfer overpotential (Vct) and the internal potential difference (Vint) 
between the TiO2 Fermi level and the redox potential, so that 
ୠܸ୧ୟୱ ൌ ୧ܸ୬୲ െ ∆ ୡܸ୲ 1-14 
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Combining eq. 1-13, 1-14 and the ideal diode equation (more details in next 
chapter), the j-V curves can be simulated with different jex (Figure 1-6).  
As shown in Figure 1-6, ff decreases from 0.76 to 0.03 when Vct increases 
due to bad counter electrode kinetics, i.e. jex decreases from 10 mA cm-2 to 5 × 
10-6 mA cm-2. When the reduction reaction at the counter electrode is very 
slow, not only ff but also jSC can be reduced (Curve (3) in Figure 1-6). This 
effect can occur due to changes in any type of overpotential, i.e. Vct or Vd. 
 
Figure 1-6 Simulated j-V curves with different exchange current density jex. jSC = 15 
mA cm-2, VOC = 0.8V, and m = 1.5.  
To evaluate whether the counter electrode kinetics are fast enough when 
testing a redox molecule, one direct way is to determine jex as it is related to 
Vct as shown in eq. 1-13. jex can be obtained by extrapolating the linear 
segment in a plot of ln(j) vs. V (known as a Tafel plot) until it intercepts the 
y-axis, as shown in Figure 1-7.  
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The Tafel plot can be obtained by potential sweep measurements using the 
DSC counter electrode material as the working electrode. Note that the scan 
rate has to be slow enough (e.g. 0.1 mV s-1, but this depends on the exchange 
current density and the double layer capacitance) so that steady-state current 
can be achieved, and the solution has to be well stirred to ensure no mass-
transfer effects. From the slope and the interception on the Y axis of the linear 
segment (large V) of a Tafel plot, the transfer coefficient  and the exchange 
current density j0 can be obtained. 
 
Figure 1-7 a) Simulated Tafel plots with different exchange current densities, jex. 
Assuming symmetric oxidation/reduction reaction, the transfer coefficient  is fixed 
to 0.5 for all plots. b) Simulated Tafel plots with different jex and 
IS can also be used to estimate the charge transfer resistance (Rct) of the 
redox reaction at the counter electrode, from which jex can be calculated. Rct 
can be derived from eq. 1-12 and, when Vct = 0, it can be written as   
ܴୡ୲ ൌ ݇୆ܶݍ݆ୣ ୶ 
1-15 
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Note that this resistance obtained from IS measurement is different from the 
DC resistance obtained from the slope of the j-V curve, which is a mixed 
resistance of both charge transfer and diffusion. The principles of the IS 
method will be explained in detail in Chapter 2.      
Another qualitative way to estimate the counter electrode kinetics is by 
cyclic voltammetry measurement. When making comparison between 
different counter electrode materials, if other things are equal, the magnitude 
of the anodic and cathodic peak currents, peak separation on the voltage scale 
and shape of the waves can qualitatively reflect differences in kinetics. 
1.3.1.5 Dye regeneration  
As has been discussed previously, VOC can be improved in theory by using 
a redox couple with a more positive redox potential. However, to make DSCs 
function properly, there should be a minimum energy difference between the 
redox potential and dye HOMO level to ensure enough driving force for 
efficient dye regeneration by the reduced species of the redox couple. It is 
worth noting that the thermodynamic driving force does not necessarily relate 
to the kinetics, and this minimum energy difference for regeneration varies for 
different dye/redox combinations, typically around 0.15 eV to 0.39 eV. 29,32,33 
Any oxidized dyes (generated after photo-induced electron injection to TiO2) 
that are not regenerated by reduced species will recombine with TiO2 electrons. 
The detailed reaction routes are shown as follows: 
S ൅ ݄ߥ → S∗ (1) 
S∗ 	→ 	 Sା ൅ ݁ୡୠି (2) 
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Sା ൅ R	 → S ൅ O kreg                              (3) 
Sା ൅	݁ୡୠି 	→ S  kedr                              (4) 
Here, ݁ୡୠି represents conduction band electrons, S represents the ground state 
dye, S* represents the excited state dye, S+ represents the oxidized dye and R 
and O are the reduced and oxidized species of the redox couple, respectively.  
Reaction (3) shows the regeneration process while reaction (4) indicates the 
recombination process. kreg is the regeneration rate constant and kedr is the 
electron-to-dye recombination rate constant. Regeneration efficiency, reg, is 
an evaluation of how fast the regeneration proceeds relative to electron-to-dye 
recombination, which can be derived by solving the continuity equation at 
steady state,  
ߟ௥௘௚ ൌ
݇୰ୣ୥ሾRሿ
݇୰ୣ୥ሾRሿ ൅ ݇ୣୢ୰ሾ݁ୡୠିሿ ൌ 1 െ
݇ୣୢ୰ሾ݁ୡୠିሿ
݇୰ୣ୥ሾRሿ ൅ ݇ୣୢ୰ሾ݁ୡୠିሿ 
1-16 
If other processes (i.e. light harvesting, charge injection and collection) are 
100% efficient, then jSC would only be determined by light intensity and reg 
݆ୗେ ൌ ݆୫ୟ୶ߟ୰ୣ୥ 1-17 
where jmax is a constant determined by light intensity (details of calculation of 
jmax see eq. 2-11 in the next chapter). Therefore, non-unity regeneration by 
redox mediators can cause losses in jSC, and even in VOC and ff if the 
regeneration is very inefficient.26  
Based on eq. 1-16 and 1-17, a simple way to estimate reg is by plotting jSC 
vs. [R]; when jSC approaches saturation and does not increase upon further 
increasing [R], reg should be near 100%. Transient absorbance spectroscopy 
Chapter 1 Introduction 
22 
 
is a more well-known and widely-adopted way for determining the 
regeneration kinetics. By monitoring the absorbance change of S+ with time 
after firing a weak laser pulse, the recombination time constant (edr) and 
regeneration time constant (reg), which are reciprocals of kreg and kedr, can be 
obtained. This will be elaborated further in the following chapter. 
1.3.1.6 Recombination kinetics 
Recombination is always an unwanted loss process in solar cell operation. 
Apart from recombination of TiO2 electrons with the oxidized dye, the other 
more significant route for recombination is that with electrolyte acceptors, i.e. 
the oxidized species of the redox couple. Therefore, it is important to examine 
the recombination kinetics when evaluating a redox mediator for use in DSCs, 
and in fact it has been extensively studied under various conditions with many 
techniques. An illustration of how recombination affects VOC and jSC is shown 
in Figure 1-8. 
At open circuit, the steady state is reached when electron generation rate (G) 
equals to recombination rate (U), where the maximum VOC is determined by 
the conduction band electron concentration stored in the cell as expressed by  
݊ୡ ൌ ୡܰexp ቆ ܧ୊௡ െ ܧୡ݇୆ܶ ቇ ൌ ୡܰexp ൬
ݍ ୓ܸେ ൅ ܧ୊,୰ୣୢ୭୶ െ ܧୡ
݇୆ܶ ൰ 
1-18 
where nc is the conduction band electron concentration, Nc is the effective 
density of states in the conduction band, nEF is electron quasi-Fermi energy, Ec 
is conduction band energy and EF,redox is the redox Fermi energy. As shown in 
Figure 1-8 (a, b), fewer electrons (n1) will be stored in the cell with a higher 
recombination rate U1, compared to n2 with a slower recombination rate U2.  





Figure 1-8 Dependence of electron generation rate and recombination rate a) and 
corresponding electron concentration b) with time at open circuit; Dependence of 
electron generation rate and recombination rate c) and extraction rate d) with time at 
short circuit. Inset in d) shows the dependence of electron concentration with distance 
(from FTO contact to the edge of TiO2 film). G(x,t) represents electron generation 
rate, U(x,t) represents electron recombination rate, and Extrac(x,t) represents electron 
extraction rate. It is assumed that U(x,t) is proportional to electron concentration, n, 
and that U1(t) depends more strongly on n than U2(t) (i.e. U1(t) has higher 
recombination rate constant).  
At short circuit, electrons have to be extracted to contribute to photocurrent 
jSC. As shown in Figure 1-8 (c, d), higher recombination rate U1 leads to a 
lower electron extraction rate Extrac1. Neglecting electric fields in the TiO2 (a 
common assumption due to the high ionic strength electrolyte permeating the 
TiO2 pores) then, based on Fick’s law, the electron flux, Jn (m-2 s-1), depends 
on the gradient of the electron concentration (inset of Figure 1-7d) at the 
extracting electrode (usually FTO) which relates to jSC by 
݆ୗେ ൌ ݍܬ୬ 1-19 
Therefore, a higher recombination rate will lead to lower VOC and jSC.  
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A general relation for ff and recombination is, if VOC and jSC for two cells 
are equal, the cell with a higher ideality factor (m, determined by the slope of 
recombination resistance Rrec-VOC plot) will have a lower ff. However, changes 
in ideality factor are likely to be associated with changes in recombination 
mechanism and so rate constants will also change. It is therefore possible that 
a change in m will be accompanied by a change in VOC, which may even lead 
to an increase in ff (itself a function of VOC) if VOC increases enough to 
compensate for any increase in m. 
Several time- and frequency-domain measurement techniques are 
commonly used to determine the recombination kinetics by means of electron 
life time, n. This can be measured by intensity-modulated photovoltage 
spectroscopy (IMVS),34-36 which is the frequency domain equivalent to small 
amplitude photovoltage transient.37,38 The decay of the transient absorbance of 
electrons can also be used to extract n, which is an interesting contactless 
method as there is no need to measure photovoltage.39 A more widely used 
technique is large amplitude photovoltage decay,40,41 from which n can be 
determined by 





IS can also be used to determine n, and unlike the aforementioned techniques, 
it can also provide easy access to information of recombination resistance, Rrec, 
which is also an important parameter for quantifying recombination. Apart 
from n and Rrec, IS concomitantly provides information about electron 
transport, TiO2 capacitance and other kinetic parameters, which is a very 
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useful tool for fundamental studies of DSCs. Therefore, the IS technique has 
been employed throughout the thesis and will be elaborated on further in the 
following chapters.     
1.3.2 Conventional iodide/triiodide redox mediator 
The iodide/triiodide (I-/I3-) redox couple has been successfully used in 
DSCs since the first breakthrough in 1991.15 Due to this success, intensive 
studies have been focused on I-/I3- between 1991 and 2010, ranging from the 
effect of counter ions, solvent and electrolyte additives on cell characteristics 
to redox reaction related electron transfer kinetics. The success of I-/I3- is 
attributed to a suitable redox potential, fast dye regeneration and slow 
recombination kinetics.42  
1.3.2.1 Basic energetics and kinetics 
I-/I3- is a two-electron transfer redox couple which is soluble in many types 
of solvent. In general, the redox potential and diffusion coefficient varies 
when using different solvents, which are summarized in Table 1-1. As the 
concentration of I3- species is usually 5 to 10 times lower than I-, the diffusion-
limited current is determined by the diffusion coefficient of I3-. According to 
eq. 1-6 and Table 1-1, in high-efficiency DSCs where low-viscosity solvent 
acetonitrile is used, the diffusion-limited current (jlim) is ≥ 50 mA cm-2, which 
is well above the jSC obtained at 1 Sun illumination. However, the diffusion of 
I3- can limit jSC when using low-viscosity ionic liquid. It was proposed that 
when a high concentration of I- is present, a Grotthus-type charge carrier 
mechanism may increase the observed diffusion coefficient of I3-.43,44 This is 
represented as follows: 
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Iଷି ൅ Iି → Iି ∙	∙	∙ Iଶ ∙	∙	∙ Iି → Iି ൅ Iଷି  
Therefore, high concentration of I- and I3- has to be used in viscous solvent to 
ensure fast dye regeneration and charge transfer at the counter electrode. 
However, in the presence of high concentration of I-, reductive quenching of 
the excited dye molecules by I- might cause recombination losses, which has 
been observed in several cases. 45-48 
Table 1-1 Formal potentials of iodide/triiodide and diffusion coefficients of triiodide 
in various solvents.  
E0’ (I-/I3-) D0 (I3-) / cm2 s-1 
+0.354 V vs. NHE (acetonitrile)42 8.5×10-6 (acetonitrile)44 
+0.311~0.536 V vs. NHE (water, 
depending on counter ion, additives, 
etc.)42,49 
1.6×10-5 (acetonitrile)28 
 1.18×10-5 (acetonitrile)50 
 1.56×10-6 (propylene carbonate)50 
 4.3×10-6 – 1.9×10-7 (ionic liquid)51 
 
In acetonitrile, the redox potential of I-/I3- is ~+0.35 V (vs. NHE, Table 1-1), 
which indicates a driving force of ~0.73 V is present for efficient regeneration 
of a common ruthenium dye N719 with the oxidation potential of ~+1.08 V.52 
It has been shown that after electron injection, I- regenerates the oxidized dye 
and forms I2-•,53-55 which quickly disproportionates and forms I- and I3- with a 
second-order rate constant of ~2.3×1010 M-1s-1 in acetonitrile.42 
Sା ൅ 2Iି → Iଶି 	• 
2Iଶି 	• → Iି ൅ Iଷି  
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If taken an average value of +0.93 V for the redox potential of I-/I2-•,42,56 the 
actual driving force for the efficient regeneration is only ~0.15 V. This 
magnitude of driving force has also been shown to be sufficient for efficient 
regeneration in several other systems.29,32 Therefore, a potential loss of ~0.58 
V is present in I-/I3- based DSCs, as VOC is determined by ܧ୊,୘୧୓మ െ ܧ୍ష/୍యష  
rather than ܧ୊,୘୧୓మ െ ܧ୍ష/୍మష	• .  
There is another loss process caused by the light absorption of I3- in the 
blue part of the spectrum, which will impair the light absorption by dye 
molecules and lead to losses in photocurrent. Additional recombination is also 
possible due to I2-• generated by photo-excitation of I3-. However, this 
recombination might be very negligible as the disproportionation rate of I2-• to 
I- and I3- is very fast, as confirmed by Meyer and co-workers.57 
For a very long time, either I3- or I2 has been considered to be the possible 
electron acceptor dominating the recombination process in I-/I3- based DSCs, 
but which species predominates has not been determined. The ambiguity 
arises due to the extremely low concentration of free I2 in the electrolyte and 
the high energy level of I3- where electron transfer from TiO2 conduction band 
seems unlikely to happen. Several recent studies have strongly indicated that 
I3- is not the main electron acceptor.26,58 More recently, the study by O’Regan 
and co-workers has made it more convincing that electron recombination 
predominantly occurs by I2 reduction rather than reduction of I3-, by showing 
the electron lifetime decreases with increasing free I2 concentration and is 
independent of I3- concentration.59 
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1.3.2.2 Materials development 
Various alternative materials for semiconductor, sensitizer and counter 
electrode have been developed and tested for use with I-/I3-:  
Apart from TiO2 with different morphologies (nanoparticle, nanowire, 
nanotube etc.),60-63 semiconductor materials such as SnO2,64-68 ZnO69-72 and 
Nb2O573,74 have also been applied in DSCs with certain success. Although 
electron mobility is proven to be much higher in SnO2 materials compared to 
TiO2, the conduction band is ca. 200-300 mV lower and recombination turns 
out to be much faster, both leading to lower VOC in DSCs using SnO2 as the 
photoanode.64,75 The instability of ZnO in acidic dye solutions is the main 
reason limiting it for use as an alternative to TiO2.76 It is potentially possible 
for improving VOC using certain phase of Nb2O5 as photoanode due to its 
higher conduction band as compared to TiO2, however, morphologies with 
higher surface area need to be developed in order to improve dye loading.74  
 Metal complexes especially ruthenium complexes based sensitizers (N719, 
Z907, N3, N749) are conventionally used with I-/I3- yielding very good 
performance and stability: DSCs using N719, N3 or N749 can yield >10% 
efficiency; the amphiphilic dye Z907 demonstrates prominent thermal stability. 
The success of N3 and N719 dyes has made them a base for designing other 
Ru-based dyes and several of them have achieved comparable efficiencies.77-81 
To improve the absorption in the near-infrared region of the solar spectrum, 
various porphyrin and phthalocyanine dyes have been developed, which also 
show good photo- and chemical stability. Recently, a donor-acceptor-
substituted porphyrin dye has given a power conversion efficiency of 11% 
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with an I-/I3- based electrolyte.82 A modified structure of this porphyrin dye 
later gives a record efficiency of over 12% with a cobalt complex based 
electrolyte.18 As an alternative to the noble Ru-based dyes, various organic 
dyes have also been developed with several distinct advantages: low cost, easy 
design and synthesis, and high molar extinction coefficients. Among all of the 
organic dyes, indoline, coumarin and tri-arylamine83,84 dyes have obtained 
impressive efficiencies. Several recently developed tri-arylamine dyes have 
shown comparable performance to Ru-based dyes.85,86 However, the stability 
of organic dyes is the main problem for the future application of DSCs.87-89 
Certain dyes were also found to catalyze the recombination process, 
presumably due to binding of I2 with these dyes.90-92 Narrow band gap 
semiconductors such as CdS, CdSe and PbS have recently been successfully 
used as sensitizers in semiconductor-sensitized solar cells (SSCs), however, 
alternative redox mediators have to be used as I2 is shown to be corrosive 
towards these semiconductor sensitizers.93,94 
Pt is the most widely used counter electrode material in I-/I3- based DSCs, 
which shows very high catalytic activity toward I3- reduction. This is because 
I2 adsorbs dissociatively onto the Pt surface which enables a rapid one-
electron reduction. However, the stability problem might arise as it is known 
that I2 is very corrosive towards metal, which will limit the use of metal 
substrates. Compared to Pt prepared by electrodeposition, sputtering and vapor 
deposition, Pt nanoclusters prepared by thermal decomposition show the best 
performance and long-term stability.95  Alternative materials such as carbon-
based materials,96 conducting polymer poly(3,4-ethylenedioxythiophene) 
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(PEDOT), cobalt sulfide,97 and some metal compounds98-102 have also been 
identified as suitable catalysts for I3- reduction.  
Electrolytes using low-viscosity solvent (i.e. acetonitrile) generally yield 
better performance as the diffusion coefficient of both I- and I3- can be 
maximized. Dye regeneration is also found to be faster in some cases.33 
However, the evaporation and leakage of the electrolyte can be a potential 
problem in terms of long-time stability. By using low-volatility solvent or 
ionic liquid,103 or by using gelating or polymeric agents to transform liquid 
electrolytes into quasi-solid electrolytes, known as gel or polymer electrolytes, 
the stability of I-/I3- based DSCs was reported to be greatly improved.104 
Recently, water has also been re-evaluated as solvent for use with I-/I3-, and 
DSCs with these electrolytes have shown large improvements compared to the 
results obtained in the past. However, the performance still has not exceeded 
those obtained using organic solvent, and the reasons are attributed to slow 
diffusion and incomplete pore filling in the porous film.49,105     
With the increasing knowledge enlightened by these studies, DSCs based 
on liquid I-/I3- have achieved PCE >11% after a through optimization.16,17 By 
judicious selection of sensitizer, electrolyte and sealant, a lifetime of at least 
20 years is expected for DSCs operating under typical outside conditions in 
western Europe. 17 
1.3.3 Alternative redox mediators 
Although the conventional I-/I3- redox couple has shown great success in 
DSCs, there are several disadvantages with this redox couple that limits the 
further improvement of DSCs performance in future. As have been discussed 
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previously, these disadvantages are: energy losses due to the rapid dissociation 
of I2-• after dye regeneration, competitive light absorption by I3-, corrosion 
towards metal substrates and quantum dots, catalyzed recombination induced 
by I2 binding with certain dyes. Unfortunately, these disadvantages are related 
to the intrinsic properties of I-/I3-, which will unavoidably limit this redox 
couple being used for wide application. Therefore, searching for alternative 
redox mediators with superior properties than I-/I3- has become a new 
challenge in the development of high efficiency DSCs.        
In this section, alternative (iodine-free) redox mediators that have been 
tested in DSCs will be reviewed. These can be grouped into three types: 
halogen/pseudo-halogen, metal complexes and organic metal-free redox 
mediators.  
1.3.3.1 Alternative halogen and pseudo-halogen redox mediators 
Another halogen redox couple Br-/Br3- and several pseudo-halogen redox 
mediators have similar redox chemistry as I-/I3-, but with more positive redox 
potential. Br-/Br3- has a redox potential of ~1.09 V (vs. NHE), which is 0.74 V 
more positive than that of I-/I3-.106 This unfortunately makes the conventional 
ruthenium dye (EHOMO~1-1.1V) not suitable for use with Br-/Br3-. Several dyes 
with more positive oxidation potential have been synthesized for use with Br-
/Br3-, and significant improvements in VOC were obtained (maximum 
1.16V).106,107 However, the overall efficiency is less than 6% due to the great 
loss in light harvesting by making dye HOMO level more positive. Similar 
issues arise with two pseudohalogen redox couples SeCN-/(SeCN)3- and SCN-
/(SCN)3-; the redox potentials are ~0.19 and ~0.43V more positive than that of 
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I-/I3-.28,108 The dye regeneration of conventional ruthenium dye N3 becomes 
very inefficient especially with the SCN-/(SCN)3- redox couple. The best 
performance was obtained by using a SeCN-/(SeCN)3- based ionic liquid 
electrolyte in conjunction with the dye N3, with a conversion efficiency of 
7.5%.109 Interhalogen molecules based on IBr2- and I2Br- have also been 
studied and yielded efficiencies of ~6.4%. However, the complex equilibria 
and instability make this system unattractive.   
1.3.3.2 Metal complexes redox mediators 
Metal complexes redox mediators that have been applied into DSCs are 
almost all one-electron outer-sphere redox couple, which enables rapid 
exchange of electrons and thus is promising for developing dyes with low 
overpotentials to minimize the energy losses. Another advantage of metal 
complexes is the flexibility of making diverse derivatives, so that the redox 
potential can be easily tuned. Ni(III)/(IV) bis(dicarbollide) has been shown to 
be a fast, noncorrosive redox couple for DSCs, and a series of derivatives have 
been synthesized with the redox potential tuned over a 200 mV range.110,111 
However, due to the fast recombination between TiO2 electrons and the redox 
electrolyte, devices employing this redox couple only show a conversion 
efficiency of ~1.5% and a photoanode pre-treated by atomic layer deposition 
of Al2O3 layer is required.110 The fast recombination also limits the 
performance of DSCs employing other metal complexes redox mediators such 
as copper complexes, iron complexes and cobalt complexes.  
Before 2010, the best efficiency of DSCs employing copper and iron 
complexes was < 2%,112-115 while the best efficiency of DSCs employing 
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cobalt complexes is ~4%.116,117 The big breakthrough for cobalt complexes is 
the work done by Feldt et al. in 2010; by designing a bulky organic dye for use 
with simple cobalt complexes redox mediators, a power conversion efficiency 
of 6.7% has been achieved.118 This success has led to acknowledgement of the 
role bulky dyes play in efficiently suppressing recombination. On the basis of 
this, the best performance for DSCs employing copper complex and iron 
complex was separately achieved in 2011 using [Cu(dmp)2]1+/2+ and a 
ferrocene/ferrocenium redox couple,  with an efficiency of 7% and 7.5%, 
respectively.119,120 The recent work by Yella et al. has set up a new record 
efficiency for DSCs employing iodine-free redox mediators: PCEs over 12% 
were achieved for DSCs using a Co(II/III) tris(bipyridyl) redox couple in 
conjunction with a porphyrin dye.18 
1.3.3.3 Organic redox mediators 
A lot of organic redox mediators have been tested for use in DSCs. 
However, the results of most of them have shown to be not promising (PCE < 
2%), e.g. phenothiazines, quinone/hydroquinone, triarylamine and 
tetrathiafulvalene, due to the losses caused by either the light absorption of the 
redox molecules or fast recombination rate or both. There are some exceptions: 
redox mediators based on nitroxide radicals such as 2,2,6,6-
tetramethylpiperidin-N-oxyl (TEMPO) and 2-azaadamantan-N-oxyl have 
yielded power conversion efficiencies of up to 7% and 8.6% when used with 
indoline dyes.121,122  The success is mainly due to the more positive redox 
potentials compared to that of I-/I3-, so that a larger VOC can be obtained. 
However, the instability of these devices due to the highly reactive radicals is 
a major concern and may limit practical applications.121 Another exception is 
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the thiolate and thiourea based redox mediators. In 2010, Wang et al. reported 
an unprecedented efficiency of 6.4% for DSCs employing a disulfide/thiolate 
redox couple, which was the highest efficiency ever obtained by an iodine-free 
redox couple at that time.123 In the same year, two analogous redox couples 
tetramethyl formaminium disulfide/ tetramethylthiourea (TMTU/TMFDS2+) 
and 2-mercapto-5-methyl-1,3,4-thiadiazole and its disulfide dimer were 
reported with efficiencies of 3.1% and 4%, respectively.124,125 The success of 
these thiolate or thiourea based redox mediators can be attributed to the 
reduced light absorption and recombination rate, compared to I-/I3-.   
1.4 Motivation and objectives 
 As discussed previously, finding alternative iodine-free redox mediators is 
essential for the development of high efficiency DSCs and for practical 
applications. This is the specific motivation of the current thesis. Of all of the 
alternative redox mediators reviewed above, cobalt complexes and organic 
sulfur based redox mediators have shown to be the most promising candidates 
and were selected for further study, which forms the basis of the present thesis.  
The main objectives are  
(i) Characterize these mediators and DSCs based on these mediators. 
(ii) Study fundamental aspects of device operation such as charge 
transport, recombination, etc. when employing these mediators.  
(iii) Utilize this knowledge to guide device optimization and improve 
power conversion efficiency.    
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The thesis is then subdivided into mainly four parts: all of the experimental 
and theoretical aspects of device fabrication and characterization are addressed 
in Chapter 2. Chapters 3 and 4 focus on studies of several organic sulfur based 
redox mediators. Studies of cobalt complexes are presented in Chapters 5-7. 
General conclusions and implications for future development of DSCs are 
summarized in Chapter 8. 
 36 
 
2 Experimental Methods and Theory 
In this chapter, the materials and procedures for general device fabrication 
are described in detail. The common characterization techniques that are used 
in current studies are also described briefly and the theories related to these 
techniques and data analysis are discussed.  
2.1 Materials and reagents 
Unless otherwise stated, all chemicals and solvents were purchased from 
Sigma-Aldrich and were used as received. 
2.1.1 Substrate 
Highly conductive and transparent fluorine-doped tin oxide films (FTO) 
deposited on glass were used as substrates for both photoanodes and cathodes. 
FTO (TEC-15) was purchased from Pilkington, with a resistance of 15 Ω / □ 
and 82% transmission at 550 nm.  
2.1.2 TiO2 precursor and paste 
The precursor for compact TiO2 layer preparation contains a solution of 0.2 
M titanium diisopropoxide bis(acetylacetonate) in isopropanol. The 
nanocrystalline TiO2 paste contains ~20nm TiO2 nanoparticles in a mixture of 
organic solvent and binder, and was either purchased from Dyesol or home-
made using P25 powder (Degussa) and a modification of a previously reported 
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procedure.126 The scattering layer paste which contains ~400 nm TiO2 
particles was purchased from Dyesol. A 40 mM solution of TiCl4 in distilled 
water was used as the precursor for the TiCl4 treatment.  
2.1.3 Sensitizing solution 
The sensitizing solutions generally contain 0.15 - 0.3 mM sensitizers 
(ruthenium, indoline, or triarylamine) in 1:1 acetonitrile:tert-butanol.  In 
certain cases, coadsorbents deoxycholic acid (DCA), decylphosphonic acid 
(DPA) and octadecylphosphonic acid (OPA) were also used together with 
dyes. The molecular structures of most commonly used ruthenium dyes are 




Figure 2-1 Structures of two conventional ruthenium dyes used in the present study : 
cis-diisothiocyanato-bis(2,2ʼ-bipyridyl-4,4ʼ-dicarboxylic acid) ruthenium(II) 
bis(tetrabutylammonium) (N719), and cis-diisothiocyanato-(2,2’-bipyridyl-4,4’-
dicarboxylic acid)-(2,2’-bipyridyl-4,4’-dinonyl) ruthenium(II) (Z907). 
2.1.4 Counter electrode materials 
A 25 mM solution of hexachloroplatinic acid in absolute ethanol was used 
as the precursor for preparing platinum counter electrodes.  
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The carbon black paste consists of ca. 6 wt. % carbon black (VULCAN 
XC72, Cabot) in a mixture of Ethyl cellulose (5-15 mPas 8.2 g; 30-50 mPas 
10.5 g), 18.75 ml absolute ethanol, and 15.2 g -terpineol. The paste was 
mixed and homogenized following a previously published procedure.126 
2.1.5 Redox electrolytes 
The redox molecules propylmethylimidazolium iodide (PMII) and 
tetramethylthiourea (TMTU), iodine (I2) and nitrosonium tetrafluoroborate 
(NOBF4), and electrolyte additives such as lithium perchlorate (LiClO4), 4-
tert-butylpyridine (tBP), guanidinium thiocyanate (GuSCN) are commercially 
available and were purchased from Sigma-Aldrich.  
The redox molecule tetrabutylammonium diethyldithiocarbamate was 
prepared by ion exchange between tetrabutylammonium cation (TBA+) and 
sodium cation (Na+) in a mixed solution of tetrabutylammonium chloride and 
sodium diethyldithiocarbamate in acetonitrile. The solution was filtered to 
remove any precipitate present. The remaining clear yellowish solution was 
evaporated with a rotary evaporator under vacuum and re-dissolved in 
acetonitrile solution then filtered. This procedure was repeated several times to 
purify the final product.  
2.2 Fabrication of DSCs 
2.2.1 Deposition of compact TiO2 layers 
FTO substrates were cleaned by sequential sonication in 5% Deconex, 
Milli-Q water, and absolute ethanol for 15 minutes each, and were then dried 
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at 400 °C in a hot air stream for 15 min before use. Where required, a thin 
compact layer of TiO2 was deposited onto all FTO substrates by spray 
pyrolysis.127,128 A strip of FTO to serve as the external contact to the electrode 
was masked using microscope slides weighed down by a heavy metallic object. 
The whole assembly was placed on a hot plate heated to 500 °C. When the 
FTO reaches the deposition temperature, the precursor solution of titanium 
diisopropoxide bis(acetylacetonate) was sprayed onto the FTO using a hand-
held aspirator driven by an electric pump. 1 spray was applied every 10 
seconds for a total of 2 minutes. The coated FTO was subjected to a further 5 
minutes sintering at 500 °C to ensure complete reaction of the precursor 
before cooling down to room temperature. 
2.2.2 Deposition of nanocrystalline TiO2 layers 
A layer of nanocrystalline TiO2 was deposited on FTO by screen printing 
using paste containing ~20 nm TiO2 nanoparticles (transparent layer). The 
coated FTO was kept in a clean box for several minutes so that the paste can 
relax to reduce the surface irregularity, and dried for 6 minutes at 125 °C on a 
hotplate. This screen-printing procedure was repeated to get an appropriate 
thickness. Where required, a 3 m layer of larger TiO2 particles (scattering 
layer) was then deposited on top of the transparent layer to increase light 
scattering in the TiO2 layer. The FTO/TiO2 electrode was held at 125 °C, 
325 °C, 375 °C, and 450 °C for 5 min, 5 min, 10 min, and 15 min, respectively, 
before finally heated to 500 °C and held for 15 min. After the electrode was 
cooled down, it was treated with 40 mM TiCl4 solution at 70 °C for 30 min 
followed by rinsing in distilled water and then sintered at 500 °C for 30 min.   
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2.2.3 Preparation of counter electrodes  
The counter electrodes to be used in dye-sensitized solar cells typically had 
one small hole drilled into the FTO for injecting electrolyte into the cells.  
Platinized counter electrodes were prepared by thermal decomposition of 
25 mM hexachloroplatinic acid solution which was drop-casted onto clean 
FTO substrates. ~15 l were used per cm2 of FTO. The electrodes were then 
transferred to a hotplate and heated to 400 °C for 20 minutes.  
Carbon black coated counter electrodes were fabricated by doctor blading 
using a carbon black paste. The required thickness was obtained by several 
successive depositions. After each deposition, the FTO/carbon black electrode 
was heated at 90 °C for 15 min to slowly remove the organic solvent, which 
can help avoid cracking of the carbon black film. The doctor bladed carbon 
black film was finally sintered at 500 °C following the same procedures as for 
TiO2 film to remove the organic binder. 
2.2.4 Electrode sensitization 
The TiO2 coated electrodes were heated at 500 °C for 30 min to remove 
moisture and any possible organic contaminations. After cooling down to 
80 °C, the electrodes were immersed into the sensitizing solution and kept at 
room temperature in the dark for 12 to 18 hours. Where required, various 
amounts of coadsorbents were pre-added into the sensitizing solution for either 
reducing dye aggregation or intentionally tuning the concentration ratios of 
dye and coadsorbents.  
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2.2.5 Assembly of DSCs and symmetric/dummy cells 
The sensitized TiO2 electrodes were rinsed in acetonitrile for 5 min and 
dried with nitrogen gas. Counter electrodes (platinum or carbon black) were 
attached to sensitized TiO2 electrodes using one or several pieces of 25 m 
thick spacer layer of a hot-melt polymer (Surlyn, Dupont). Electrolyte was 
introduced into the cell by vacuum back-filling through the hole drilled in the 
counter electrode. After filling, the hole was sealed with a hot-melt polymer 
and a glass microscope coverslip. Silver paint was applied on the contact FTO 
to reduce series resistance.  
The procedures for assembling a symmetric/dummy cell are similar as the 
above-mentioned, apart from replacing the sensitized TiO2 electrode with 
another counter electrode prepared under the same condition.   
2.3 Characterization methods and theory 
2.3.1 Electrochemical measurement 
Potential sweep and cyclic voltammetry experiments were performed using 
either a three-electrode cell or a thin layer symmetric cell on an Autolab 
electrochemical workstation (Ecochemie, PGSTAT302N) controlled by the 
Nova 1.6 software package. For the three-electrode cell setup, the working 
electrodes that have been used in current studies include: platinum disk 
electrode, glassy carbon disk electrode, platinum ultramicroelectrode (UME) 
and sensitized FTO/TiO2 electrodes; the counter electrode was a platinum wire, 
and the reference electrode was Ag/AgNO3 (0.01 M AgNO3 and 0.1 M 
tetrabutyl ammonium perchlorate in acetonitrile), which was calibrated versus 
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ferrocene/ferrocenium. All electrolyte solutions contained 0.1 M tetrabutyl 
ammonium perchlorate (TBAP) as a supporting electrolyte. 
As explained in Chapter 1 (section 1.3.1), these electrochemical 
measurements can be used to determine the redox potential, diffusion 
coefficient and the counter electrode kinetics when evaluating a redox 
mediator for use in DSCs.  
2.3.2 UV-Vis spectroscopy 
In this study, a Varian Cary 5000 UV-Vis-NIR spectrophotometer was used 
to measure the absorption spectra of dilute electrolyte solutions, sensitized 
electrodes or complete DSCs. The experiments were carried out in a direct 
mode measuring either absorbance (A) or transmittance (T) of the samples. 
The results were used to calculate the molar extinction coefficient () and 
absorption coefficient () of the absorbing molecules, determine the relative 
dye loading, and estimate the light harvesting efficiency by quantifying the 
transmission limit of the electrolytes and substrates (FTO and Pt coated FTO). 
This is because based on the Beer-Lambert law, for a path length d, 
ܣሺߣሻ ൌ ߝሺߣሻܿ݀ ൌ 2.303ߙሺߣሻ݀ 2-1 
ܶሺߣሻ ൌ 10ି஺ሺఒሻ ൌ expሺെߙሺߣሻ݀ሻ 2-2 
where  is the absorption coefficient and c is the molar concentration. 
Including dye loading (θ) and the transmittance of the substrates (Tsub), the 
maximum light harvesting efficiency with illumination from the TiO2 side 
(front illumination), lh,front, for a sensitized TiO2 electrode with an absorption 
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coefficients immersed in a redox electrolyte with an absorption coefficient 
’, can be calculated by 
ߟ୪୦,୤୰୭୬୲ሺߣሻ ൌ ୱܶ୳ୠ,୤ሺߣሻ ∙ ߙୱሺߣሻߙᇱሺߣሻ ሾ1 െ expሺെߙ
ᇱሺߣሻߠ݀ሻሿ 2-3 
where  
ߙᇱ ൌ ߩߙୣ୪ ൅ ߙୱ 2-4 
 is porosity of the film and el is the absorption coefficient of electrolyte. For 
back illumination, i.e. illumination from the platinum counter electrode side, 
lh can be written as  
ߟ୪୦,ୠୟୡ୩ሺߣሻ ൌ ୱܶ୳ୠ,ୠሺߣሻ ∙ ߙୱሺߣሻߙᇱሺߣሻ ሾ1 െ expሺെߙ
ᇱሺߣሻߠ݀ሻሿ
∙ exp	ሾെߙୣ୪ሺߣሻሺ݈ െ ݀ሻሿ 
2-5 
where l is the space between the two electrodes, i.e. the thickness of the surlyn.  
A simple calculation can be done based on the above discussion. For a 
Z907 sensitized TiO2 film measured in our lab, is ~5000 cm-1 at 530 nm 
(near the peak of the absorption spectrum), suggesting that a TiO2 film with a 
minimum thickness of 9.4 m is needed to absorb 99% of the light at this 
wavelength. For an organic dye sensitized TiO2 film, is normally several 
times higher than that of ruthenium dye, which means the thickness of TiO2 
can be several times thinner but still ensure absorption of 99% light when 
using an organic dye with high absorption coefficient.  
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2.3.3 NIR transmission measurements 
The transmission of NIR light ( = 940 nm) through the cell was measured 
to obtain an independent estimate of the charge stored in the TiO2 layer as a 
function of VOC. This is because the change in electron absorbance (A) is 
related to the change in electron concentration (n) by 
∆ܣ ൌ ߶௡݀∆݊ 2-6 
where n is the electron absorption cross section and d is the TiO2 film 
thickness. To perform the experiment, cells were biased to 0 V in the dark for 
5 minutes and the NIR signal was recorded and used as a baseline I0; cells 
were then biased to VOC under visible illumination until a steady state was 
reached and the NIR signal was recorded as I. Absorbance changes were then 
calculated neglecting possible changes in reflectivity/scattering by 
∆ܣ ൌ െ logሺ∆ܶሻ ൌ െlogሺܫ ܫ଴⁄ ሻ 2-7 
The NIR light used for transmission measurements was produced using an 
LED (RS  OPE5594). The intensity of the light was modulated at a frequency 
of 10 kHz and the light intensity after passing through the cell was detected 
using a photodiode and a fast current amplifier (Stanford SR570) connected to 
a lock-in amplifier (Stanford SR850). The photodiode was masked with an IR 
high-pass filter (Newport, cut-on wavelength 850 nm) to avoid saturating the 
detector by the red background illumination used in the concurrent impedance 
spectroscopic (IS) measurements. To partially remove drift effects, the signal 
from the detector behind the cell was normalized to the signal recorded by a 
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second photodiode, which was positioned so that it sampled a fraction of the 
NIR light before it passed through the cell. Both the detector and the cell were 
masked appropriately in order to avoid problems arising from stray NIR light 
reaching the detector behind the cell without first passing through the active 
layer of the cell.  
2.3.4 Current-voltage characteristics (j-V) 
As introduced at the very beginning of Chapter 1, the current-voltage 
response is the most important characteristic of any solar cells. Due to the 
rectifying behavior of solar cells, the j-V curve (Figure 2-2) can be 
expressed with a Shockley diode equation 
݆ሺܸሻ ൌ ݆ୗେ െ ୰݆ୣୡሺܸሻ 2-8 
where 
୰݆ୣୡሺܸሻ ൎ ݆ୢୟ୰୩ሺܸሻ ൌ ݆୭ሺe௤௏ ௠௞ా்⁄ െ 1ሻ 2-9 
where jrec is the undesired recombination current flow in the opposite 
direction in an illuminated cell, jdark is the current measured in the dark,  j0 
is a constant and m is the ideality factor (typically around 1 to 2). jdark is 
only an approximation to jrec; therefore, the comparison of jdark between 
different devices may not be applicable for comparing the differences in 
recombination under working conditions, which is a common mistake in 
some published works. Based on eq. 2-8 and 2-9, VOC can be expressed as  
୓ܸେ ൌ ݉݇୆ܶݍ ݈݊ ൬
݆ୗେ
݆଴ ൅ 1൰ 
2-10 
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Eq. 2-10 shows that VOC increases logarithmically with light intensity as jSC 
is linearly dependent on the incident light intensity. 
 
Figure 2-2 Simulated current-voltage characteristic under illumination and in the dark. 
In this study, current-voltage characteristics under simulated AM 1.5 
illumination were measured using a Keithley SourceMeter, which was 
controlled by a computer and the PVIV software package (Newport). 
Simulated AM 1.5 illumination was provided by a 450 W Newport class A 
solar simulator and light intensity was measured using a calibrated Si 
reference cell. Scan speed was chosen appropriately to ensure a steady-
state response. Different aperture sizes were used to obtain various light 
intensities. 
2.3.5 Incident photon-to-current efficiency (IPCE) 
Incident photon-to-current efficiency (IPCE) represents the probability 
that an incident photon converts to one electron flowing as current in the 
external circuit. Therefore, the short-circuit photocurrent (jSC) generated by 
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a solar cell under illumination is related to IPCE by 
݆ୗେ ൌ ݍන ܬ௣୦ሺߣሻ ∙ ܫܲܥܧሺߣሻ݀ߣ 2-11 
where Jph () is the incident AM 1.5G spectral photon flux density (cm-2 s-1 
nm-1), as shown in Figure 2-3.  For a DSC using the state-of-art ruthenium dye 
N719, the absorption cut-off is ~750 nm, which would correspond to a 
maximum jSC ~24 mA cm-2 if the IPCE was 100% at all wavelengths up to the 
cut-off. However, in reality the IPCE drops gradually at the absorption onset. 
 
Figure 2-3 AM 1.5G photon flux spectra and the maximum predicted short-circuit 
current for light absorption from 380 nm to corresponding cut-off wavelength, 
assuming unity incident photon-to-current efficiency up to the cut-off. 
IPCE is dependent on the light harvesting efficiency (lh), charge 
separation efficiency (sep) and charge collection efficiency (col), which 
can be expressed as  
IPCE ൌ ߟ୪୦ ∙ ߟୱୣ୮ ∙ ߟୡ୭୪ 2-12 
lh is determined by the absorption coefficient of the dye and TiO2 film 
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thickness, as previously discussed in section 2.3.2. sep is determined by 
the product of injection efficiency (inj) and regeneration efficiency (reg); 
inj depends on the electronic coupling of the dye to TiO2 and the energy 
difference between the dye LUMO level and the TiO2 conduction band; 
reg depends on the reorganization energy of the dye/redox couple, the 
energy difference between the dye HOMO level and electrolyte redox 
Fermi energy, and the kinetics of recombination with TiO2 electrons. The 
value of col reflects the competition between recombination and charge 
transport in the TiO2 film to the FTO contact, which is normally described 
by electron diffusion length, Ln. Apart from the direct spectral response 
information obtained from IPCE spectra, another way to utilize this 
technique is to obtain col and inj, by fitting back and front IPCE spectra 
with varying Ln. This technique was adopted in one study and thus will be 
elaborated on later.  
For all studies in this thesis, IPCE spectra were measured with a spectral 
resolution of ca. 5 nm using a 300 W Xenon lamp and a grating 
monochromator equipped with order sorting filters (Newport/Oriel). The 
incident photon flux was determined using a calibrated silicon photodiode 
(Newport/Oriel). Photocurrents were measured using an auto-ranging 
current amplifier (Newport/Oriel). Control of the monochromator and 
recording of photocurrent spectra were performed using a PC running the 
TRACQ Basic software (Newport). IPCE is calculated at each wavelength 
by (icell/iref)×QE, where icell is the measured current of the cell, iref is the 
measured current of the reference photodiode, and QE is the quantum 
efficiency of the reference photodiode.  
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2.3.6 Impedance spectroscopy (IS) 
IS is a small perturbation measurement which ensures the linear impedance 
response. In an IS measurement, the ac current is measured at a certain angular 
frequency when a certain ac voltage is applied, or vice versa, the ac voltage is 
measured when a certain ac current is applied. The impedance is then 
calculated by 
ܼሺ߱ሻ ൌ ܧ௧ܫ௧ ൌ
ܧ଴ expሺ݆߱ݐሻ
ܫ଴ expሺ݆߱ݐ െ ߠሻ ൌ ܼ଴ሺcosߠ ൅ jsinߠሻ 
2-13 
where Z0 is the magnitude of impedance,  is the radial frequency, and is the 
phase shift. Z() can be considered to consist of a real and an imaginary part. 
A Nyquist plot is obtained when plotting the real part on the x-axis and the 
imaginary part on the y-axis, as shown in Figure 2-4.  
 
Figure 2-4 A Nyquist plot showing impedance vector. 
IS provides access to fundamental parameters of solar cell operation, and 
therefore is a very useful tool for investigating the properties of DSCs. 
Compared to some common techniques (e.g. photovoltage decay) which 
directly obtain lifetime to evaluate recombination, IS can separately obtain 
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information of the chemical capacitance and charge-transfer resistance, as well 
as identify transport in the TiO2 and diffusion components in the electrolyte.129 
A diffusion-recombination transmission line model is commonly used to 
represent the physical processes in the porous TiO2 film, as shown in Figure 
2-5. 
 
Figure 2-5 Equivalent circuit for a dye-sensitized solar cell based on diffusion-
recombination transmission line model (the part in red box), which is used for fitting 
impedance spectra. Rs is the series resistance associated to the sheet resistance of the 
FTO and the contact resistance of the cell; Rco and Cco are the contact resistance and 
the space-charge capacitance at the FTO/TiO2 interface, respectively; Rsub and Csub are 
the charge-transfer resistance and the double-layer capacitance at the exposed 
FTO/electrolyte interface, respectively; rt is the transport resistance of the electrons in 
the TiO2 film; C is the chemical capacitance of the TiO2 film; rrec is the 
recombination resistance associated to the charge recombination process between 
TiO2 electrons and electron acceptors in the electrolyte; Zd is the Warburg element 
accounting for Nernst diffusion of the redox species in the electrolyte; RCE and CCE 
are the charge transfer resistance and the double-layer capacitance at the counter 
electrode/electrolyte interface. 
The impedance Z, which describes diffusion and recombination in the TiO2 
layer (transmission line in the red box in Figure 2-5), can be expressed as130,131 





ଵ ଶ⁄ ቉ 2-14 
where Rt is the charge transport resistance in the TiO2 film which in general is 
related to the intrinsic property of photoanode materials; Rrec is the 
recombination resistance associated to the recombination process between 
TiO2 electrons and electron acceptors in the electrolyte, and is determined by 
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the recombination rate constant and energetic driving force (bigger values lead 
to smaller Rrec); C is a chemical capacitance of the semiconductor. In theory, 
the total measured capacitance (Cmeas) includes the capacitance in the solid 
phase and at the solid-electrolyte interface, which is a combination of the 
chemical capacitance of the semiconductor, C, in series with the double-layer 
capacitance at the semiconductor / electrolyte interface, Cdl. At the voltages 
where DSCs function, Cdl (~10 F cm-2) is much bigger than C≤F cm-2, 
which leads to Cmeas  C.131 Therefore, in the equivalent circuit model, C is 
used to represent the total measured capacitance. C is related to the density of 
localized states in the bandgap at the electron quasi-Fermi energy nEF (below 
conduction band), g(nEF), by 
ܥஜ ൌ ݍଶ݃൫ ܧ୊௡ ൯ ൌ ݍ
ଶ ୲ܰ





݇୆ ୡܶ exp ൬
ݍ ୓ܸେ ൅ ܧ୊,୰ୣୢ୭୶ െ ܧୡ
݇୆ ୡܶ ൰ 
2-15 
where Nt is the total number of trap states in the bandgap, Tc is the 
characteristic temperature,  and Ec is the conduction band energy.  Based on eq. 
2-15, C generally shows a characteristic exponential variation with VOC, and 
plots of C versus VOC can be used to detect changes in the energy difference 
between Ec and EF,redox between cells. 
Figure 2-6 shows representative IS spectra for a DSC in the forms of 
Nyquist and Bode plots. By fitting the impedance with eq. 2-14, the values of 
Rt, Rrec and C can be separately obtained. However, the frequency values and 
time scales are missing in the Nyquist plot. Therefore, a Bode plot is often 
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used together with the Nyquist plot to display the characteristic frequencies by 
plotting the magnitude of impedance (Z0) and phase angel () in the frequency 
domain (Figure 2-6b). It is worth noting that to estimate the characteristic 
lifetime (recombination and diffusion) from the characteristic frequency, it is 
more useful to plot imaginary part of impedance Z versus frequency, as 
indicated in Figure 2-6c.  
The electron lifetime, n, which is related to the radial frequency of the 
charge transfer process, rec, is given by  
߬௡ ൌ 1߱୰ୣୡ ൌ ܴ୰ୣୡܥஜ 
2-16 
The electron diffusion length (Ln), which is a characteristic used to estimate 
charge collection efficiency, is given by 
ܮ௡ ൌ ඥܦ௡߬௡ ൌ ݀ඥܴ୰ୣୡ ܴ୲⁄  2-17 




Chapter 2 Experimental Methods and Theory 
53 
 
                  
 
 
Figure 2-6 a) Nyquist plot for an impedance spectrum; b) and c) Bode plot for and 
impedance spectrum. 
Here, IS measurements were performed using an Autolab 
potentiostat/galvanostat and the Nova 1.6 software package. The experiment 
was either performed under illumination provided by a green or red LED 
while the cell was biased at the open-circuit photovoltage induced by the 
illumination or in the dark with applied bias. Various steps of illumination 
intensity or bias were applied to obtain a series of cell voltages. Different 
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illumination intensities were achieved using neutral density filters mounted in 
an automated filter wheel system (Newport) which was controlled by the Nova 
1.6 software. The highest light intensity used was sufficient to produce an 
open-circuit photovoltage approximately equal to that obtained under 
simulated AM 1.5, 1 Sun illumination. A 10 mV RMS voltage perturbation 
was used and the frequency range was 105 Hz – 0.1 Hz. IS spectra were fitted 
using the ZView 3.1c program and an equivalent circuit based upon the above-
mentioned transmission line model (Figure 2-5). 
2.3.7 Transient absorbance spectroscopy 
Transient absorbance spectroscopy (TA) was used to monitor the 
absorbance change (OD) of the oxidized dye (S+) with time after firing a 
laser pulse through the device. The initial absorbance of S+ is induced by the 
laser pulse, and the generated S+ will gradually diminish in a complete DSC 
through regeneration by the oxidized redox species with a rate constant k'reg, 
and recombination with the injected electrons in the TiO2 with a rate constant 
k'edr. Therefore, the change of [S+] with time after the laser pulse can be 
expressed as  
݀ሾSାሿ
݀ݐ ൌ െሺ݇୰ୣ୥




In general, the solution of the above equation is a single exponential decay of 
[S+] with t; however, it is found that in the real case, a stretched exponential, 
which is equivalent to a weighted average of many single exponentials with a 
wide range of lifetimes, is needed to fit the absorbance decay data with the 
form132 
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∆OD ൌ ∆OD଴ exp ൤െ ൬ ݐ߬୏୛୛൰
஑
൨ 2-19 
where OD0 is the absorbance change at t = 0, KWW is a characteristic lifetime, 
and  is the so-called stretching exponent. Weighted-average lifetimes (obs), 
that are appropriate for calculating the steady-state dye regeneration yield, are 
derived from the fitting results using 




where Γሺሻ is the gamma function. Dye regeneration yields (ߟ୰ୣ୥) are then 
calculated using 
ߟ୰ୣ୥ ൌ 1 െ ߬୭ୠୱ߬୭ୠୱ,଴ 
2-21 
where ߬୭ୠୱ  and ߬୭ୠୱ,଴  are the weighted-average lifetimes in the presence or 
absence of an electron donor, respectively. 
In this work, TA measurements were made using a home-built system 
consisting of a 300 W Xenon arc lamp filtered by a  > 610 nm longpass filter 
as a probe, focusing optics, a grating monochromator equipped with order 
sorting filters and an OD6 532 nm notch filter to block stray laser light, and a 
Si photodiode detector connected to a high-speed current amplifier (FEMTO) 
and an oscilloscope. Samples were excited using a frequency-doubled, Q-
switched Nd-YAG laser (pulse width 5 ns,  = 532 nm). Laser excitation 
pulses were defocused to cover an area slightly larger than the sample active 
area. Excitation pulses and the probe light were combined using a dichroic 
mirror to form a co-linear beam that was normally incident on the sample. 
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3 Evaluation of organic redox mediator 
tetramethylthiourea in dye-sensitized solar cells 
3.1 Introduction 
 Among all of the promising alternative redox mediators for DSCs, organic 
sulfur-based molecules generally show the slowest recombination kinetics, 
even compared to I-/I3-.125,133,134 This can be attributed to the special redox 
chemistry for this class of S-containing molecule, which involves S-S 
(disulfide) bond formation during oxidation and cleavage during reduction. 
Since recombination is a key limiting factor to the operation of all DSCs, and 
will continue to limit performance even all other factors (e.g. light absorption, 
charge injection, dye regeneration) have been optimized, identification of 
redox couples with such slow recombination kinetics will become increasingly 
important.  
Several successful molecules from this class have been reported for use in 
DSCs: a thiolate/disulfide (T-/T2) redox couple reported by Wang et al.,123 2-
mercapto-5-methyl-1,3,4-thiadiazole and its disulfide dimer (McMT-/BMT) 
and a series of similar molecules reported by Tian et al.,125,135 which have 
shown promising results with power conversion efficiencies (PCEs) of 6~7%. 
One common problem with this category of redox molecules is that the 
counter electrode kinetics are generally quite slow, especially when using 
typical platinized FTO electrodes. This is probably because the reduction 
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process involves cleavage of disulfide bonds. Therefore, suitable counter 
electrode materials must be identified to improve the fill factor and PCE.135-137 
Li et al. have previously reported a tetramethylthiourea / 
tetramethylformaminium disulfide (TMTU/TMFDS2+) based redox couple, 
which yields an efficiency of 3.1% under AM 1.5 1 Sun illumination for DSCs 
using a ruthenium N3 dye.124 The structures of TMTU and TMFDS2+ are 
shown in Figure 3-1. Compared with the T-/T2 and the McMt-/BMT redox 
couples, the TMTU/TMFDS2+ couple possesses a more positive redox 
potential than I-/I3- and, at the concentrations and path lengths relevant to 
functioning DSCs, almost negligible visible light absorption, which in theory 
should render better photovoltage and photocurrent in devices. It has also 
shown to be non-corrosive towards metals which makes it compatible with 
metal substrates for industrial applications.  However, the existing study 
reports a relatively low efficiency and lacks a detailed characterization of the 
TMTU/TMFDS2+ redox couple which hinders further improvement of DSC 
performance using this redox couple.    
 
Figure 3-1 Molecular structures of tetramethylthiourea (TMTU) and tetramethyl 
formaminium disulfide (TMFDS2+). 
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In this study, TMTU/TMFDS2+ is further evaluated and characterized in 
detail for use as redox mediator in DSCs. Apart from the two conventional 
ruthenium dyes N719 and Z907, a series of indoline dyes (structure shown in 
Figure 3-2) are tested in conjunction with this redox couple, and a systematic 
study of the differences in photovoltaic performance and dye regeneration 
kinetics between these devices is presented. Impedance spectroscopy (IS) is 
utilized to monitor the effects of redox mediators and sensitizers on 
conduction band energies and recombination rates. By using an indoline 
sensitizer with broader absorption spectra and modified carbon black counter 
electrodes, the power conversion efficiency of DSCs employing the 
TMTU/TMFDS2+ redox couple have been greatly improved. 
 
 
Figure 3-2 Molecular structures of indoline dyes used in this work. 
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3.2 Electrochemical and optical properties of the 
tetramethylthiourea / tetramethylformaminium disulfide 
redox couple 
3.2.1 Redox chemistry and redox potential 
Figure 3-3 shows cyclic voltammograms recorded at scan rates in the 
range 0.05 V s-1 – 2 V s-1, and the corresponding differential pulse 
voltammetry (DPV). The first peak in the DPV provides an estimate of the 
potential where TMTU starts to become oxidized. A second sharp peak can 
also be observed, indicating a subsequent electron transfer process, 
probably resulting in the formation of TMFDS2+. The reduction peak in the 
cyclic voltammogram indicates the process where TMFDS2+ is reduced 
back to TMTU. Bolzan et al. have studied the electrochemistry of aqueous 
TMTU solutions at Pt and Au electrodes. These authors propose the likely 
electrochemical reactions involved in the electroxidation of TMTU are138-
140 
TMTU → TMTUା∙ ൅ eି (1) 
  
TMTUା∙ ൅ TMTU → TMFDSଶା ൅ eି (2) 
Since the solvent is not postulated to chemically play any role in the 
reactions in this aqueous system, it seems reasonable to assume the same 
reaction mechanism in the present acetonitrile solutions. According to their 
studies, the overall reaction rate is determined by diffusion of TMTU in the 
bulk solution towards TMTU+∙ adsorbates on the platinum electrode 
surface. Based upon this reaction mechanism the first peak in the DPV 
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(which can be observed as a shoulder in the cyclic voltammogram) is 
attributed to the oxidation of TMTU to TMTU+ and the second peak to 
further oxidation to form TMFDS2+. 
 
 
Figure 3-3 Cyclic voltammograms ( = 0.05 – 2 V s-1) and differential pulse 
voltammogram of TMTU on Pt. 
According to Figure 3-3, the redox couple is electrochemically irreversible. 
Therefore, it is not simple to determine the formal potential, ܧ଴ᇲ , from the 
cyclic voltammograms or DPV experiments. For this reason the redox 
potential, EF,redox, of an actual electrolyte solution was measured vs. Ag/Ag+ 
by potentiometry using a Pt wire electrode. The redox potential of an 
electrolyte consisting of 1.35 M TMTU, 0.075 M TMFDS2+ and 0.1 M LiClO4 
in acetonitrile was found to be 0.53 V vs. NHE, neglecting any possible 
junction potential. A small difference between the redox potential of this 
solution and the formal potential for this redox couple is expected based on the 
ratio of oxidized to reduced species present in solution. Assuming activity 
coefficients of unity, the formal potential calculated from the Nernst equation 
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is 0.57 V vs. NHE, which is 0.22 V more positive than that of the I-/I3- couple 
(0.35 V vs. NHE).42 Therefore, on purely thermodynamic grounds, an increase 
in open-circuit photovoltage would be expected for DSCs using the 
TMTU/TMFDS2+ redox couple compared with DSCs using the I-/I3- redox 
couple. The calculated formal potential for TMTU/TMFDS2+ (indicated in 
Figure 3-3 by a dashed line) lies close to the common cathodic and anodic 
current onset potential which can be observed in the cyclic voltammograms at 
all scan rates, indicating that the current onset potential is a reasonable 
estimate of the formal potential in this case. 
3.2.2 Diffusion coefficients (D) of TMFDS2+ and TMTU 
As discussed previously in Chapter 1 Section 1.3.1.2, the diffusion 
coefficients of TMFDS2+ and TMTU can be determined by the following 
methods:  
(1) Using the well-known Stokes-Einstein relation (eq. 1-8), with the 
viscosity of 0.341 for acetonitrile,141 and the radius of the TMFDS2+ ion being 
9.49 × 10-10 m estimated from crystallography data for the chloride salt of 
TMFDS2+,139 the diffusion coefficient of TMFDS2+ in acetonitrile was 
calculated to be 6.74 × 10-6 cm2 s-1.  
(2) The diffusion coefficient of TMFDS2+ was also estimated from 
impedance spectroscopy (IS) using thin-layer symmetric cells consisting of Pt-
coated FTO and a TMTU/TMFDS2+ based electrolyte. The inter-electrode 
distance was controlled by the thickness of a polymer spacer and was ca. 25 
m. A typical IS spectrum and the equivalent circuit used in data fitting are 
shown in Figure 3-4.  




Figure 3-4 Impedance spectrum for a Pt-Pt thin-layer cell containing a TMTU-based 
electrolyte. The equivalent circuit used in data fitting is shown in the inset. 
In this circuit, Rs is the series resistance, RPt is the charge transfer resistance 
of the Pt electrode, CPt is the double layer capacitance at Pt electrode/ 
electrolyte interface and Zd is a Warburg impedance describing diffusion of 
TMFDS2+ (the minority redox species) in the electrolyte. Based on eq. 1-11, 
using d values averaged over two different cells and several bias voltages (V 
= 0.6-1V), and l = 12.5 m, a value of D = 9.11 × 10-6 cm2 s-1 is obtained.  
(3) The diffusion coefficient of TMTU was determined by steady-state 
voltammetry at a Pt ultramicroelectrode (UME), as shown in Figure 3-5. 
 
Figure 3-5 Steady-state voltammogram of a 5 mM TMTU solution in acetonitrile 
recorded on a Pt ultramicroelectrode (r = 12.5 m). 
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The steady-state limiting current for a disk UME is given by eq. 1-10. 142 
With the initial TMTU concentration (C0) of 5 mM, and the radius of the 
UME (r) calibrated by ferrocene assuming D = 2.4 × 10-5 cm2 s-1, the diffusion 
coefficient of TMTU is calculated to be 1.83 × 10-5 cm2 s-1 assuming the first 
current plateau is due to the formation of TMTU+ from TMTU (n = 1). 
Interestingly the current of the second plateau is almost exactly double that of 
the first. It is likely that this process is also limited by diffusion of TMTU 
towards the electrode. Calculation of D using the second current plateau and n 
= 2, or calculating D using the difference in current between the second and 
first plateaus with n = 1, yields values of D which are within 10% of the value 
obtained from the first plateau.  These values are more than the average value 
found for TMFDS2+, probably caused by the difference in hydrodynamic 
radius between TMTU and TMFDS2+ (which consists of two TMTU+ species 
linked by a S-S bond).  
The diffusion coefficients estimated above are of the order of those 
reported for I- and I3- ions in acetonitrile.143 The concentrations of TMTU and 
TMFDS2+ in the electrolytes are also similar to those of I- and I3- used in 
typical electrolytes. Therefore, for the electrolyte compositions discussed here, 
no limitation of DSC performance arising from slow mass transport is 
expected under normal operating conditions. 
3.2.3 Light absorption of TMTU/TMFDS2+  
The transmission spectra for 25 m thick layers of TMTU/TMFDS2+ and I-
/I3- electrolytes (calculated from absorption coefficient data) are shown in 
Figure 3-6a. It is clear that at these concentrations and path lengths, light 
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absorption by the TMTU/TMFDS2+ is negligible for  > 370 nm, whereas the 
I-/I3- electrolyte absorbs strongly for  < 520 nm.  The absorption spectra of 
sensitizers are shown in Figure 3-6b. Note that the x axis is only shown from 
380 nm, below which the absorption is mainly contributed by TiO2.  
It is clear that the absorbance of the TMTU/TMFDS2+ electrolyte does not 
interfere with light absorption by any sensitizer. The negligible light 
absorption by TMTU is expected to bring about a modest improvement in 
photocurrent for the normal substrate-electrode (front) illumination geometry 
provided sensitizer regeneration and charge collection do not limit 
performance, and significant gains for electrolyte-electrode (back) 
illumination, which is of importance for DSCs fabricated on opaque metal 
substrates. 
 
Figure 3-6 (a) Transmission spectra of 25 m thick layers of TMTU/TMFDS2+ and I-
/I3- electrolytes, calculated from absorption spectra; (b) Absorption spectra of TiO2 
layers sensitized with different dyes.  
Chapter 3 Evaluation of Organic Redox Mediator Tetramethylthiourea  
65 
 
3.3 Photovoltaic performance with various sensitizers 
The current-voltage (j-V) characteristics and incident photon-to-current 
efficiency (IPCE) spectra of devices employing various ruthenium dyes and 
indoline dyes with the TMTU/TMFDS2+ redox couple are shown in Figure 3-7 
(a, b). For comparison, all of these dyes were tested with the I-/I3- redox couple, 
and the corresponding j-V characteristics and IPCE spectra are also shown in 
Figure 3-7 (c, d). The average photovoltaic parameters for all devices are 
listed in Table 3-1. 
For the TMTU-based devices, the highest performance is achieved with the 
D205 dye, which exhibits the highest jSC of all devices, consistent with its 
better light harvesting. Compared to D102 and D131, D205 has one or two 
extra rhodanine rings which greatly red shifts the absorption spectra, as 
confirmed by the UV-Vis spectra of the dyes adsorbed on nanocrystalline 
TiO2 films (Figure 3-6b). The peak IPCE values of both D205-TMTU and 
D131-TMTU device are ≥80%, which are close to the substrate transmission, 
suggesting near unity internal quantum efficiency for these devices. 
 
 





Figure 3-7 a) Current-Voltage (j-V) characteristics measured under AM1.5G 1 Sun 
(100 mW cm-2) irradiance and b) Incident photon-to-current efficiency (IPCE) spectra 
for devices employing TMTU/TMFDS2+ with different dyes. c) j-V characteristics 
and d) IPCE spectra for devices employing I-/I3- with different dyes. The dashed line 
in b) and d) is the transmission of the FTO substrate and represents the maximum 
possible IPCE for this substrate. 
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Table 3-1 Photovoltaic parameters for devices employing TMTU/TMFDS2+ and I-/I3- 
with different dyes. 
Device[a],[b] jSC / mA cm-2 VOC / V ff PCE / % 
D205-TMTU 16.6 0.777 0.49 6.32 
D102-TMTU 13.8 0.770 0.54 5.74 
D131-TMTU 11.0 0.825 0.61 5.53 
N719-TMTU 10.3 0.626 0.50 3.22 
Z907-TMTU 8.3 0.642 0.53 2.82 
 
Device[a],[c] jSC / mA cm-2 VOC / V ff PCE / % 
D205-Iodide 13.6 0.801 0.74 8.06 
D102-Iodide 10.1 0.737 0.75 5.58 
D131-Iodide 10.2 0.785 0.70 5.60 
N719-Iodide 16.5 0.738 0.70 8.52 
Z907-Iodide 17.0 0.705 0.71 8.51 
[a] All devices employed 10 m thick transparent TiO2 films. [b] Electrolyte 
composition: 3 M TMTU, 0.3 NOBF4, 0.1 M LiClO4, and 0.5 M 4-tert-butylpyridine 
(tBP) in acetonitrile. Counter electrode: ~30 m thick porous carbon black film on 
FTO. [c] Electrolyte composition: 0.6 M propylmethylimidazolium iodide (PMII), 
0.03 M I2, 0.1 M  guanidinium thiocyanate and 0.5 M tBP in mixed acetonitrile and 
valeronitrile (volume ratio of 85:15). Counter electrode: platinized FTO. 
When using indoline dyes, jSC of TMTU-based devices is significantly 
higher than that of iodide-based devices, which is partially due to the 
negligible light absorption losses in the TMTU/TMFDS2+ based electrolyte, in 
contrast to the substantial absorption by I3- in the blue part of the spectrum 
(Figure 3-6a). Given that the redox potential of TMTU/TMFDS2+ is ~200 mV 
more positive than that of I-/I3-, it might be expected that TMTU-based devices 
have much higher VOC than iodide-based devices. However, only comparable 
VOC is obtained in practice (Table 3-1), indicating differences in interfacial 
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energetics and/or recombination kinetics between the devices, which will be 
discussed later with the aid of impedance spectroscopy measurements. The 
major difference in photovoltaic parameters between TMTU- and iodide-based 
devices is the fill factor (ff), which is lower in TMTU-based devices. The 
effect of counter electrode kinetics on ff will be separately discussed later.  
When ruthenium dyes N719 and Z907 were used, TMTU-based devices 
show much worse performance than iodide-based devices due to much lower 
jSC and VOC. This is contrary to the findings for devices using indoline dyes. It 
is also interesting that in TMTU-based devices ruthenium dyes are inferior to 
indoline dyes, while in iodide-based devices ruthenium dyes are superior to 
indoline dyes. To check whether the reason for the inferior performance of 
ruthenium-TMTU devices is inefficient sensitizer regeneration, the TMTU 
concentration in the electrolyte was varied. Figure 3-8 shows a plot of jSC 
under 1 Sun illumination versus TMTU concentration. 
 
Figure 3-8 Variation of short-circuit photocurrent density (jSC) with TMTU 
concentration, measured with D131 cells under AM 1.5 1 Sun illumination. 
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Devices used to obtain jSC data in Figure 3-8  were fabricated with varying 
TMTU concentrations, while keeping the concentrations of other electrolyte 
components constant. The maximum TMTU concentration used was 2.7 M, 
which is very close to the saturation limit in acetonitrile (further material could 
not be dissolved and if a small amount of solvent was allowed to evaporate 
crystals of TMTU were observed to form in the solution). jSC gradually 
increases with increasing TMTU concentration and appears to be close to 
saturation for [TMTU] = 2.7 M, suggesting the sensitizer regeneration is 
efficient under short circuit conditions. This is also the reason why a 
maximum TMTU concentration was used in the electrolyte for most devices 
studied here. 
3.4  Regeneration kinetics and its effect on photovoltaic 
performance 
To gain further insight into the reason for the superior performance of 
indoline dye-TMTU based DSCs compared to that of ruthenium dye-
TMTU based DSCs, sensitizer regeneration rate has been monitored by 
transient absorbance spectroscopy. Figure 3-9 shows representative 
transient absorbance (OD) decays following pulsed laser excitation for 
TiO2 layers sensitized with indoline or ruthenium dyes immersed in 
electrolyte solutions with or without an electron donor. Decays were 
recorded at  = 680 nm for the ruthenium dyes Z907 and N719,144 or at 720 
nm for the series of indoline dyes.145 In all cases the excitation wavelength 
was 532 nm and the excitation pulse fluence was tuned to inject an average 
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of about one electron per TiO2 particle. It is expected that regeneration 
yields estimated under these low electron density conditions are relevant to 
the low-intensity IPCE measurements and, owing to the linear dependence 
of jSC on light intensity up to 1 Sun for the indoline dyes (see later), are 
also relevant to short-circuit conditions under 1 Sun illumination for the 
indoline dyes.  
The absorbance decays were fitted with a slightly modified stretched 
exponential function (eq. 2-19) as introduced in Section 2.3.7. 
∆OD ൌ ∆OD଴ exp ൤െ൬ ݐ߬୏୛୛൰
஑
൨ ൅ C 3-1 
In eq. 3-1, a constant C is needed to obtain acceptable fits for some 
transient data, which is attributed to long-lived species, most probably the 
injected TiO2 electrons which have a slight absorption at these 
wavelengths. The results of the experiments are summarized in Table 3-2. 
 
Figure 3-9 Transient absorbance (OD) decays following pulsed laser excitation ( = 
532 nm, pulse duration ~5 ns, pulse fluence ~10 J cm-2) for a) D205 (OD recorded 
at 720 nm) in the presence (left trace) or absence (right trace) of TMTU and b) N719 
(OD recorded at 680 nm) in the presence (left trace) or absence (right trace) of 
TMTU. Red and green solid lines are fits of eq. 3-1 to the data. 
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Table 3-2 Dye HOMO potentials, transient absorbance decay constants and 
regeneration efficiencies for TiO2 films sensitized with various ruthenium and 
indoline dyes. 
Dye HOMO  [V vs. NHE] obs [s] [a] C1 obs,0 [s] [b] C2 reg [%] 
D205 1.15 6.0 0 99.1 0 94 
D102 1.17 1.9 2.92 × 10-5 19.2 2.96 × 10-5 90 
D131 1.21 2.0 1.10 × 10-4 29.3 4.89 × 10-5 93 
N719 1.09 25.1 8.53 × 10-5 73.9 6.39 × 10-5 66 
Z907 0.96 56.9 3.51 × 10-5 99.7 9.23× 10-5 43 
[a] Observed time constant in the presence of electrolyte used in complete solar 
cells;  [b] Observed time constant in the absence of TMTU. 
As shown in Table 3-2, indoline dyes exhibit the highest regeneration 
yields (>90%) for the TMTU-based electrolyte. Regeneration yields for D131 
and D205 are 93% and 94%, respectively, which are within experimental error 
of each other. Within experimental error of the substrate transmission and the 
regeneration measurements, these data are also consistent with the near unity 
internal quantum efficiency inferred from IPCE measurements. Conversely, 
the regeneration yield for D102 is slightly lower due to faster recombination 
with the oxidized dye, which can explain most of the ~5% lower peak IPCE 
obtained with this dye. Much lower regeneration yields of 66% and 43% are 
found for ruthenium dyes N719 and Z907, which is consistent with the much 
lower peak IPCE obtained with these dyes.  It follows that regeneration losses 
when using ruthenium dyes in conjunction with TMTU/TMFDS2+ make a 
significant contribution to the lower jSC compared to the iodide-based 
electrolyte, which is known to regenerate ruthenium dyes very efficiently. 
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The trend of increasing peak IPCE and regeneration efficiency on moving 
from Z907 to N719 to the indoline dyes mirrors the trend of increasing 
regeneration driving force, indicating that this may play some role in 
determining regeneration efficiency. However, in principle both 
recombination and regeneration rate constants should depend on the dye 
HOMO energy so that no simple correlation with regeneration efficiency is 
necessarily expected. Furthermore, other factors such as dye structure, 
reorganization energy, etc., must also be considered.  
It is also important to note that regeneration efficiencies measured here, 
while being relevant to IPCE measurements and 1 Sun short-circuit conditions, 
are expected to be higher than those applicable to the maximum power point 
or open-circuit at 1 Sun, due to the lower electron density.26,58 Observation of 
less than unity regeneration yields at short-circuit indicates that even lower 
regeneration yields should be expected at higher forward bias voltages, which 
should reduce the voltage the maximum power point occurs at and possibly 
also reduce the current at the maximum power point. Therefore, lower VOC and 
efficiency would be expected, especially for the two ruthenium dyes with the 
TMTU-based electrolyte. It is also possible that a decrease in regeneration 
efficiency as bias voltage increases is partly responsible for the lower ff 
obtained with the TMTU-based electrolyte compared to the iodide-based 
electrolyte.26 In fact, the S-shape of the j-V curve for the ruthenium-TMTU 
devices is very likely to be caused by the regeneration efficiency dropping to 
zero before any significant recombination with TMFDS2+ occur. 
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3.5 Comparison of counter electrode kinetics between 
platinum and carbon black 
Compared to carbon black counter electrode (CE), conventional platinum 
CE does not work as well for TMTU/TMFDS2+ based DSCs. Figure 3-10a 
shows the j-V characteristics for D131-TMTU devices with either carbon 
black or Pt CEs. The jSC and VOC values for both devices are similar, but the 
fill factor when using Pt as CE (ff = 0.24) is much worse than that when using 
carbon black as CE (ff = 0.61).  Figure 3-10b shows representative IS spectra 
for these devices obtained at VOC = 785 mV, which is equivalent to the VOC 
obtained at 1 Sun illumination.   
IS data can be adequately fit by a simple equivalent circuit shown in Figure 
3-10b. The first RC circuit represents the counter electrode/electrolyte 
interface and the second RC circuit represents the TiO2 electrode. The fitted 
values of counter electrode charge transfer resistance (RCE) for Pt electrodes 
are greater than 200 , which is over ten times larger than typical values 
found for Pt electrodes used in conjunction with I-/I3- electrolytes. This large 
charge transfer resistance is at least partly responsible for the very low fill 
factors obtained for DSCs using TMTU/TMFDS2+ electrolytes and Pt counter 
electrodes. The arc due to charge transfer at the counter electrode for CB 
electrodes is significantly smaller, with fitted values of RCE of the order of 2-4 
. This is possibly due to the morphology of the counter electrode,96 
specifically the high surface area, as indicated by the scanning electron 
microscopy image (Figure 3-10c). Unsurprisingly, such a dramatic decrease in 
RCE results in greatly improved fill factors. 




Figure 3-10 (a) Current-Voltage (j-V) characteristics measured under simulated AM 
1.5 1 Sun illumination for DSCs employing D131 dye and a TMTU/TMFDS2+ 
electrolyte with either Pt or carbon black counter electrodes; (b) Impedance spectra 
for devices in (a). The solid lines represent fits to the data using equivalent circuit 
model shown. The inset plot shows the high frequency region of the spectrum for the 
DSC with a carbon black counter electrode. Measurements were performed at the 
open circuit potential with VOC = 785 mV; c) A scanning electron microscopy image 
of a carbon black electrode used in DSCs (inset is the same sample at a higher 
magnification). 
Based on the above discussion, when using carbon black CEs with 
TMTU/TMFDS2+ electrolytes, charge transfer overpotential is unlikely to be a 
significant factor limiting ff, and the overpotential due to diffusion in the free 
c) 
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electrolyte layer ought to be comparable to that of iodide-based devices. 
However, diffusion in the pores of the thick carbon black film and the TiO2 
film was not considered previously, which may be the reasons for the lower ff 
compared to iodide-based devices. The carbon black CEs for use with 
TMTU/TMFDS2+ electrolytes were further characterized and compared with 
conventional Pt CEs for use with I-/I3- electrolytes. The contribution to the 
charge transfer and diffusion overpotential from the porous carbon black film 
was characterized by IS made on a symmetric thin layer cell consisting of two 
carbon black/FTO electrodes and a TMTU/TMFDS2+ electrolyte. For 
comparison, the same measurement was also done on a symmetric cell 
consisting of two Pt/FTO electrodes and an I-/I3- electrolyte. The results are 
shown in Figure 3-11.  
Figure 3-11 a) Nyquist plots for a carbon black symmetric cell containing a TMTU-
based electrolyte and a platinum symmetric cell containing an iodide-based 
electrolyte, measured at different biases (active area: 0.5 cm-2). For ease of 
comparison, series resistances have been subtracted from the real part of the 
impedance. The DC current flow at 0.1 V is approximately equal to that flowing at 
short circuit, while the DC current flow at 0 V is zero. b) Tafel plots obtained from 
steady-state potential sweep measurement.  
According to Figure 3-11a, the combined DC resistance to charge transfer 
and diffusion for the carbon black-TMTU device (ca. 12-14 ) is slightly 
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higher than observed with the Pt-iodide device (ca. 7-8 ), which can partly 
explain the lower ff obtained in TMTU-based devices. The only slight 
difference in the charge transfer kinetics is also confirmed from the Tafel plot, 
as shown in Figure 3-11b. Diffusion in the pores of the TiO2 is also likely to 
limit ff when using larger and more positively charged redox molecules than 
I3-, as recently found by Tsao et al.146  
3.6 Photovoltage dependent capacitance, charge transport 
and recombination 
Since the redox potential of TMTU/TMFDS2+ is ~200 mV more positive 
than that of I-/I3- then, all other parameters being equal, ~200 mV higher VOC 
might be expected upon replacing I-/I3- with TMTU/TMFDS2+. However, this 
is not observed experimentally (Table 3-1). The VOC for TMTU-based devices 
is only slightly higher (when using dyes D102 and D131) or even lower (when 
using dyes D205, N719 and Z907) than for iodide-based devices. It is known 
that VOC also depends on the TiO2 conduction band energy and the 
recombination rate constant, therefore, differences in either or both of these 
could cause the observed lower than expected VOC.   
To gain more detailed information about interfacial energetics and 
recombination in these devices, impedance spectroscopy (IS) has been utilized 
to investigate the influence of the dye and redox mediator on the TiO2 
conduction band position and recombination kinetics.  Data for all devices was 
fitted by an equivalent circuit model described in detail in Section 2.3.6.  The 
fitting results are shown in Figure 3-12.  
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As discussed previously in Section 2.3.6, the chemical capacitance of the 
TiO2 films (C) is plotted versus VOC to estimate the relative conduction band 
positions in these devices.147 It can be seen from Figure 3-12a that all C-VOC 
plots for TMTU-based devices using indoline dyes are nearly the same, 
suggesting that the conduction band energies in these devices are very similar 
and are not affected by the sensitizer. This is surprising considering the 
difference in calculated dipole moment between D131 and D102, which might 
be expected to result in different conduction band energies.148 The results here 
indicate that other factors, such as electrolyte composition, are more important 
in determining the conduction band energy, as also observed previously.148 
Since conduction band energies for all devices employing indoline dyes 
with TMTU/TMFDS2+ are very similar, the differences in VOC must arise due 
to other factors. As the 1 Sun carrier photogeneration fluxes (approximately 
equal to jSC/q since charge collection is efficient) in these devices are similar 
(within a factor of 2), the main cause for the difference in VOC must be that the 
recombination rate constants differ. As shown in Figure 3-12b, Rrec for the 
D131 device is ~3 times larger than for D205 and D102 devices at any given 
VOC and it is essentially this that gives rise to the higher 1 Sun VOC for the 
D131 device, despite the lower jSC. Since the CB energies are almost identical 
for all of these devices, the origin of the increased Rrec for the D131 device can 
be traced to a smaller recombination rate constant. 
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Figure 3-12 a) TiO2 capacitance versus photovoltage (C-VOC) plots and b) 
recombination resistance versus photovoltage (Rrec-VOC) plots for devices employing 
indoline dyes with a TMTU-based electrolyte. c) C-VOC plots and d) Rrec-C plots for 
devices employing D205 and N719 dyes with TMTU-based and iodide-based 
electrolytes. 
To compare the conduction band energies and recombination kinetics 
between TMTU-based devices with either ruthenium dyes or indoline dyes, 
and between devices with the same dye but different redox mediators, C 
versus VOC is plotted for the following dye-mediator combinations: D205-
TMTU, D205-Iodide, N719-TMTU and N719-Iodide. According to Figure 
3-12c, even with the same redox mediator, switching from indoline dye D205 
to a ruthenium dye can greatly affect the conduction band energy, and this 
effect is more pronounced in iodide-based devices. Also shown by Figure 
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3-12c is that TMTU-based devices possess higher capacitance at matched VOC 
than iodide-based devices. Considering that the redox potential of 
TMTU/TMFDS2+ is ~200 mV more positive than that of I-/I3-, the higher 
capacitance at matched VOC suggests that the conduction band energy is ~430 
meV or ~320 meV lower in the TMTU-based devices employing D205 or 
N719, respectively. This large band shift may arise because the TMTU-based 
electrolyte contains 0.1 M Li+ as an additive, while the iodide-based 
electrolyte does not. It is also interesting to note that the nature of the dye 
(ruthenium vs. indoline), but not the electrolyte, changes the slope of the C-
VOC plots. This could be explained if the dye alters the TiO2 density of states 
function and/or if the measured capacitance contains contributions from the 
double layer capacitance,26,149 which could also plausibly be altered by the 
nature of the dye. Therefore, it is not straightforward to make comparisons in 
conduction band energies or recombination rate constants between devices 
employing D205 and N719. 
The influence of band shifts on changes in recombination resistance can be 
excluded by making comparisons of Rrec at matched C, where any remaining 
difference in Rrec can be attributed to a difference in recombination rate 
constant.150 Figure 3-12d shows plots of Rrec versus C, where it can be seen 
that at any given C, Rrec for TMTU-based devices is significantly higher than 
that for iodide-based devices, with the exact magnitude of the increase 
depending on the dye used. For devices using N719 Rrec is 30 times higher, 
while for devices using D205 Rrec is 1000 times higher. Such large 
recombination resistance implies that electron collection ought to be even 
more efficient in TMTU-based devices than in iodide-based devices (where it 
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is generally agreed that charge collection does not limit efficiency), which is 
consistent with the previously discussed IPCE data, and is also confirmed by 
electron diffusion lengths that greatly exceed the TiO2 layer thickness, as 
shown in Figure 3-13. At any voltage, the electron transport resistance, Rt, is 
much smaller than Rrec, suggesting an extremely long diffusion length as 
discussed previously in Section 2.3.6. 
 
        
 
Figure 3-13 Representative impedance spectra measured at different photovoltages 
for a device using the D205 dye, a TMTU-based electrolyte and a carbon black 
counter electrode. Red solid lines are fits for the data. 
Based on the above analysis of impedance data, the lower than expected 
VOC for the TMTU-based devices (i.e. based on consideration of the redox 
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potential alone) can be attributed to a large downward band shift relative to the 
iodide-based devices. Fortunately, however, the band shift is partly 
compensated for by much slower recombination kinetics, especially in the 
case of the more efficient devices employing D205. For the ruthenium dyes, 
another reason for the lower VOC when using the TMTU-based electrolyte is 
the suboptimal dye regeneration, as discussed previously. It is also found that 
the reaction order for recombination with TMFDS2+ derived from the Rrec-VOC 
data, , when using the TMTU-based electrolyte (0.56 for D205, 0.47 for 
N719) is lower than that using the iodide-based electrolyte (0.68 for D205, 
0.69 for N719), which will reduce fill factor for a given VOC.147 
3.7 Optimized devices 
To demonstrate the full potential of the TMTU electrolyte, the best 
performing indoline dye, D205, was selected for use in further optimization of 
TMTU-based devices. By using a previously optimized electrolyte 
composition, optimizing TiO2 transparent layer thickness and applying a light 
scattering layer (this could not be used for the previous experiments as it 
complicates interpretation of impedance results), maximum PCEs of 7.23% 
and 7.44% at AM1.5G 1 Sun and 0.15 Sun irradiance were achieved, 
respectively (Figure 3-14, device A). Increasing or decreasing from the 
previously optimized additive concentration does not yield significantly 
improved efficiency. A slight increase in efficiency (7.62% and 7.85% at AM 
1.5G 1 Sun and 0.15 Sun irradiance, respectively) was achieved by using an 
electrolyte with more TMFDS2+, due to the improved ff,151 at the expense of 
reduced VOC (Figure 3-14, device B).  




Figure 3-14 Current-Voltage (j-V) characteristics of the optimized D205-TMTU 
device, measured under AM1.5G 1 Sun (100 mW cm-2) and 0.15 Sun (15 mW cm-2) 
irradiance. Electrodes used for devices A and B are 6 m TiO2 transparent layers 
equipped with 2 m scattering layers. Electrolyte composition for device A: 3M 
TMTU, 0.3 M NOBF4, 0.1 M LiClO4 and 0.5 M tBP. Electrolyte composition for 
device B: 3M TMTU, 0.6 M NOBF4, 0.1 M LiClO4 and 0.5 M tBP. 
Table 3-3 Photovoltaic parameters for optimized devices shown in Figure 3-14. 
1 SUN jSC / mA cm
-2
 VOC / V ff PCE / % 
Device A 16.8 0.789 0.55 7.2 
Device B 16.6 0.728 0.63 7.6 
 
0.15 SUN jSC / mA cm
-2
 VOC / V ff PCE / % 
Device A 2.54 0.745 0.59 7.4 
Device B 2.48 0.669 0.71 7.9 
Further increasing the concentration of TMFDS2+ led to a decreased 
efficiency due to reduced VOC. This is probably because recombination is 
accelerated when increasing the concentration of electron acceptors (i.e. 
TMFDS2+). In the optimized device, a near linear relationship between jSC and 
light intensity can be inferred by comparing jSC values obtained under 0.15 
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and 1 Sun intensities, which indicates that the photocurrent does not become 
limited by mass transport and also that dye regeneration is highly efficient in 
this optimized D205-TMTU device. 
3.8 Conclusions 
PCE of 7.6% for TMTU/TMFDS2+ based DSCs was achieved under 
AM1.5G 1 Sun irradiance, which is almost double the previously reported 
efficiency and is among the highest for DSCs employing purely organic redox 
mediators. This dramatic improvement was realized by employing an indoline 
dye (D205) with an absorption spectrum better matched to the solar spectrum, 
improving the mechanical stability of carbon black counter electrodes, and 
optimizing the electrolyte composition. Near unity internal quantum efficiency 
was observed through IPCE measurements, which suggests near unity light 
harvesting, charge collection and injection efficiencies. Transient absorption 
measurements were performed with a series of indoline dyes and ruthenium 
dyes to probe dye regeneration and correlate with differences in photovoltaic 
performance. Regeneration of indoline dyes by TMTU was found to be 
efficient (regeneration yield ≥ 90%), while it is less efficient for ruthenium 
dyes (regeneration yield ≤ 66%).  
The difference in regeneration efficiency is presumably caused by the 
relative magnitudes of the regeneration and recombination driving forces and 
the nature of the sensitizers. Impedance results show that the expected ~200 
mV VOC increase (due to the more positive redox potential of 
TMTU/TMFDS2+ compared to I-/I3-) for TMTU-based devices using indoline 
dyes was not achieved because of a 300-400 mV downward shift of the TiO2 
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conduction band, which is partially compensated for by slower recombination 
kinetics. The current breakthrough in PCE and the intrinsic advantages of the 
TMTU/TMFDS2+ redox couple make it one of the most promising all-organic 
alternative redox mediators. 
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4 Evaluation of dithioate redox mediators in dye-
sensitized solar cells 
4.1 Introduction 
As well as the TMTU/TMFDS2+ redox couple that was studied in Chapter 3, 
a series of new organic sulfur containing redox mediators have also been 
evaluated for use in DSCs. The molecular structures are shown in Figure 4-1. 
 
Figure 4-1 Molecular structures of dithioate redox mediators tested in this 
study. 
Tetrabutylammonium (TBA) is used as a cation with various dithioate 
anions to ensure high solubility of the redox molecules in organic acetonitrile 
solvent. Each anion contains a dithioate, which is bonded with a diethylamine, 
an ethoxy and a methyl functional group through a single carbon bond, 
respectively. Due to the difference in electron donating ability, i.e. 
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diethylamine > ethoxy > methyl,152 the redox potentials of these molecules are 
expected to be different. For simplicity, the molecules with anions 
diethylcarbamodithioate, O-ethyl carbonodithioate and ethanedithioate are 
named as DT1, DT2, and DT3, respectively. The electrochemical properties of 
these molecules and photovoltaic performance are examined in the following 
sections.   
4.2 Electrochemical properties 
Cyclic voltammetry measurements were performed in three-electrode mode 
with platinum wire as counter electrode, Ag/AgNO3 as reference electrode 
(0.01 M AgNO3 and 0.1 M tetrabutylammonium perchlorate in acetonitrile), 
and either a glassy carbon or a platinum disk electrode as working electrode. 
The solutions contain 5 mM redox molecule and 0.1 M tetrabutylammonium 
perchlorate (TBAP) in acetonitrile. The cyclic voltammogram for each redox 
molecule is shown in Figure 4-2a. The corresponding differential pulse 
voltammogram was also recorded to assist identifying the onset of the electron 
transfer reaction (Figure 4-2b).  
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Figure 4-2 a) Cyclic voltammograms of DT1, DT2 and DT3 recorded with either a 
glassy carbon or a platinum working electrode (supporting electrolyte: 0.1 M TBAP; 
scan rate: 50 mV s-1); b) Corresponding differential pulse voltammogram. 
As can be seen from Figure 4-2, apart from DT3, both DT1 and DT2 show 
higher reactivity on glassy carbon than on platinum (reflected by higher peak 
current). There are three pairs of irreversible peaks in the CV for DT1, each of 
which corresponds to an oxidation-reduction reaction; while only one pair of 
peaks is observed for DT2 and DT3. The redox potential of a DT1 electrolyte 
consisting of 1M DT1, 0.2 M NOBF4 in acetonitrile was measured by 
potentiometry as described in the previous chapter. Assuming unity activity 
coefficients, the formal potential calculated from the Nernst equation is -0.48 
V vs. Ag/AgNO3 (+0.07 V vs. NHE), which is close to half-wave potential of 
the first peak for DT1. According to previous studies, the first peak for DT1 
can be attributed to the following two-step reaction, where the oxidized 
species disulfiram (tetraethyl thiuram disulfide) is formed. 153-155 









Due to the increment in electron donating ability from DT1 to DT2 to DT3, 
the redox potentials of these redox molecules should be in the order of DT1 < 
DT2 < DT3. Therefore, the first peak for DT1 and the only peak for DT2 and 
DT3 are likely to be corresponding to the similar dimerization reaction as 
shown above, and the half-wave potential of DT2 and DT3 is +0.05 V vs. 
Ag/AgNO3 (+0.60 V vs. NHE) and +0.50 V vs. Ag/AgNO3 (+1.05 V vs. 
NHE), respectively. The peaks at potentials higher than +0.40 V vs. 
Ag/AgNO3 (> 0.95 V vs. NHE) for DT1 have also been shown previously to 
be caused by further oxidation reactions of the tetraethyl thiuram disulfide, 
with a range of oxidation potentials (0.80 V to 1.1 V vs. SCE) reported.153-155 
The diffusion coefficients of DT1, DT2 and DT3 can be estimated by the 
ultramicroelectrode (UME) measurement introduced previously. The results 
are shown in Figure 4-3. The shift in half-wave potential follows the trend 
expected based on the electron-donating ability of the substituents, as 
observed in the CV and DPV measurements. With the radius of the UME (r) 
calibrated by ferrocene (assuming D = 2.4 × 10-5 cm2 s-1) and the steady state 
current (iss) given by the current plateau, the diffusion coefficients of DT1 and 
DT2 are calculated to be 6.4×10-6 cm2 s-1 and 2.74×10-5 cm2 s-1, based on eq. 
1-10. For DT3, if it is assumed that the steady-state current is given by the 
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current peak of around 0.8 nA, then the diffusion coefficient is calculated to be 
3.6×10-7 cm2 s-1, which is much lower than that of DT1 and DT2. However, 
this value may not be meaningful as there is significant hysteresis in the curve. 
This hysteresis can be caused if precipitates form on the electrode surface 
during the oxidation reaction which inhibits further redox reactions.    
 
Figure 4-3 Steady-state voltammograms of 5 mM solutions of DT1, DT2 or DT3 in 
acetonitrile recorded on a Pt ultramicroelectrode. 
4.3 Photovoltaic performance 
All of the three redox molecules were tested for use in complete dye-
sensitized solar cells, and the photovoltaic performance was evaluated through 
j-V response and IPCE spectra (Figure 4-4). The photovoltaic parameters are 
summarized in Table 4-1. 
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Figure 4-4 a) Current-Voltage (j-V) characteristics measured under AM1.5G 1 Sun 
(100 mW cm-2) irradiance and b) Incident photon-to-current efficiency (IPCE) spectra 
for devices employing Z907 dye and electrolytes containing 1M DT1, DT2 or DT3 
and 0.2 M NOBF4, 0.1 M LiClO4 and 0.2 M tBP in acetonitrile. 
Table 4-1 Photovoltaic parameters for devices shown in Figure 4-4. 
Device jSC / mA cm-2 VOC / V ff PCE / % 
DT1 11.4 0.59 0.58 3.9 
DT2 9.1 0.57 0.47 2.5 
DT3 8.5 0.27 0.46 1.1 
Devices using DT1 as the redox mediator show the highest power 
conversion efficiency (3.9%) among all of the three types of device, with the 
highest jSC of 11.4 mA cm-2, VOC of 0.59 V and ff of 0.58. Although DT2 and 
DT3 have more positive oxidation potentials than DT1, the VOC values for 
DT2 and DT3 devices are not higher than that for the DT1 device. This is 
possibly due to their less basic properties as compared to DT1, which results 
in a lower conduction band counteracting some gain in VOC due to the more 
positive redox potentials. Based on the potentials for the onset of oxidation in 
the CV measurements (Figure 4-2), it is very likely that the regeneration of 
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dye Z907 by DT2 and DT3 is not very efficient with the regeneration driving 
force < 0.34 V, as the regeneration efficiency of dye Z907 by a similar organic 
sulfur redox mediator (TMTU) was found to be 43% even with a slightly 
higher regeneration driving force of 0.40 V (See Chapter 3, section 3-4). This 
might explain the lower jSC values obtained when using DT2 and DT3.The jSC 
values predicted from integration of IPCE spectra for DT1, DT2 and DT3 are 
10.0 mA cm-2, 8.3 mA cm-2 and 12.6 mA cm-2, respectively. These are 12% 
and 9% lower than the jSC values obtained from 1 Sun j-V measurement for 
DT1 and DT2, respectively, and 48% higher for DT3. The lower jSC values for 
DT1 and DT2 may be caused by the poorer charge collection at low light 
intensities where the IPCE measurement was performed, while the higher jSC 
value for DT3 suggests that the regeneration and/or diffusion may be a 
limiting factor in DT3 based devices. Indoline dyes were also tested in 
conjunction with these redox molecules but had severe stability problems. Dye 
desorption was observed immediately upon electrolyte injection.    
Due to the outstanding photovoltaic performance achieved by DT1 among 
all of the three analogues, and due to the instability of DT2 and DT3, the 
following work will be focused on further characterizing optical properties, 
counter electrode kinetics, regeneration kinetics and charge collection when 
using DT1 as a redox molecule in DSCs. 
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4.4 Optical properties of tetrabutylammonium 
diethylcarbamodithioate 
The absorbance of DT1 in acetonitrile solution and an electrolyte solution 
containing DT1 and its oxidized form were measured. The transmission 
spectra for 25 m thick layers of electrolyte (calculated from absorption 
coefficient data) are shown in Figure 4-5. The reduced species DT1 shows a 
peak at  = 382 nm, which disappears when oxidant NOBF4 is added into the 
solution. It is clear that at the concentration and path length equivalent to those 
in the actual device, light absorption by both the DT1 and partially oxidized 
DT1 solutions is negligible for  > 430 nm, whereas the I-/I3- electrolyte 
absorbs strongly for  < 520 nm, as shown previously in Figure 3-6a.   
 
Figure 4-5 Transmission spectra of 25 m thick layers of electrolytes containing 
either 1.5 M DT1 or 1.5 M DT1 and 0.5 M NOBF4 in acetonitrile, calculated from 
absorbance spectra. 
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Similar to the TMTU redox molecule studied previously in Chapter 3, the 
negligible light absorption by DT1 is expected to bring about a modest 
improvement in photocurrent for the normal substrate-electrode (front) 
illumination geometry provided charge separation and collection do not limit 
performance, and significant gains for electrolyte-electrode (back) 
illumination, which is of importance for DSCs fabricated on opaque metal 
substrates. However, the 1 Sun jSC obtained with DT1 based electrolyte is 11.4 
mA cm-2, lower than that obtained with I-/I3- electrolyte and an otherwise 
identical photoanode, suggesting charge separation and/or collection losses 
occur in DSCs using DT1 based electrolyte. The lower than expected jSC will 
be investigated in the following sections. 
4.5 Counter electrode kinetics 
Similar to all organic sulfur based redox molecules, a major limiting factor 
in the overall photovoltaic performance is the poor fill factor caused by 
sluggish charge transfer at the counter electrode. The counter electrode 
kinetics with DT1 based electrolyte is investigated here by steady-state 
potential sweep and IS measurements on thin layer symmetric cells using 
different counter electrode materials: carbon black/FTO, platinum/FTO and 
bare FTO. The Tafel plots obtained from steady-state potential sweep 
measurements are shown in Figure 4-6. The Tafel plots for symmetric cells 
using TMTU and iodide based electrolyte with carbon black and platinum 
counter electrodes studied in the previous chapter are also shown here for 
comparison.  




Figure 4-6 Tafel plots obtained from steady-state potential sweep measurement (scan 
rate: 5 mV s-1) on thin-layer symmetric cells using various electrolytes and counter 
electrode materials.  
As can be seen from Figure 4-6, compared to bare FTO, the current flow is 
higher when using platinum and highest when using carbon black at any 
applied bias for the DT1 based electrolyte. This suggests that platinum is 
slightly catalytic for the reduction reaction at the counter electrode, while 
carbon black is more favorable possibly due to superior catalytic effect and/or 
higher surface area. However, compared to TMTU and iodide based 
electrolytes, the overpotential needed to drive the same current flow is much 
higher when using a DT1 based electrolyte, which can explain the lower fill 
factor obtained in DT1 based devices.  
The sluggish counter electrode kinetics for the DT1 based electrolyte is also 
confirmed by IS measurement as shown in Figure 4-7. Although the charge 
transfer resistance is the smallest for carbon black compared to platinum and 
bare FTO measured at 0 V bias using the DT1 based electrolyte (Figure 4-7a), 
it is significantly higher than that for TMTU and iodide based electrolytes with 
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carbon black and platinum counter electrodes. Even with an applied bias of 0.3 
V, the combined DC resistance to charge transfer and diffusion for the DT1 
based electrolyte with a carbon black counter electrode is >100 Figure 
4-7b, which is significantly higher than that obtained with TMTU and iodide 
based electrolytes at only 0.1 V bias (12 and 7, respectively) as shown in 
the previous chapter (Figure 3-11a). 
Figure 4-7  a) Nyquist plots for symmetric cells containing DT1 based electrolyte with 
carbon black, platinum or bare FTO counter electrodes, measured at 0 V bias. b) 
Nyquist plots for symmetric cells containing DT1 based electrolyte with carbon black 
counter electrodes measured at various biases. 
4.6 Dye regeneration by tetrabutylammonium 
diethylcarbamodithioate 
The kinetics of regeneration of the Z907 dye by DT1 were investigated 
using laser-induced transient absorption (TA) measurements. The 
experimental procedure used was the same as in the previous chapter. To 
obtain a fuller picture of the regeneration kinetics, various concentrations of 
DT1 were employed in the samples. Figure 4-8 shows TA kinetic traces for 
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Z907-sensitized TiO2 electrodes immersed in an electrolyte solution 
containing 0 to 2 M DT1 following pulsed laser excitation. Table 4-2 
summarizes the regeneration and recombination time constants and rate 
constants extracted from the TA traces and the corresponding regeneration 
efficiencies, calculated as described in the previous chapter. 
 
Figure 4-8  Transient absorbance (OD) decays following pulsed laser excitation ( = 
532 nm, pulse duration ~5 ns, pulse fluence ~60 J cm-2) for Z907 dye (OD 
recorded at 830 nm) in the presence of various concentrations (0 - 2 M) of DT1. The 
TiO2 film thickness used for this measurement was ~5 m. 
Table 4-2 Transient absorbance decay constants (obs), calculated regeneration time 
constants (reg), regeneration rate constants (kreg = 1/reg[DT1]) and regeneration 
efficiencies (reg) for TiO2 films sensitized with Z907. 
[DT1] / M obs / s reg / s reg / % kreg / M-1 s-1 
0 9.6 × 10-3 - - - 
0.002 6.1 × 10-3 1.7 × 10-3 36 6.0 × 101 
0.02 7.1 × 10-4 7.6 × 10-4 93 1.3 × 103 
0.2 < 2 × 10-7 < 2 × 10-7 ~100 > 5 × 106 
2 < 2 × 10-7 < 2 × 10-7 ~100 > 5 × 106 
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As can be seen from Figure 4-8, for DT1 concentrations ≥ 0.2 M 
regeneration is complete within ca. 0.2 s, which is too fast to permit accurate 
determination of the time constant. The recombination time constant is 9.6 ms, 
thus regeneration is almost 100% efficient for DT1 concentrations above 0.2 
M, as is the case for the DSCs studied in the previous sections where a DT1 
concentration of 1 M was employed. Therefore, the IPCE and photocurrent is 
not regeneration-limited in DT1 devices. Lowering the DT1 concentration to 
20 mM slows down the regeneration kinetics enough that the time constant 
can be accurately determined and yields a regeneration efficiency of 93%. At a 
DT1 concentration of 2 mM the regeneration efficiency drops to 36%.  
Also apparent from Table 4-2 is that the calculated second order rate 
constants (kreg) are not constant, which could be interpreted as evidence that 
the regeneration reaction is not first order in DT1 concentration. However, it 
should be noted that low concentrations (20 mM and 2 mM) of DT1 were 
required to bring the TA decays into a time regime where the time constants 
could be accurately determined. Since the average concentration of oxidized 
dye molecules generated by the laser pulse is estimated to be ~1 mM (based 
on pulse energy and film thickness), it is possible that at these low DT1 
concentrations a significant depletion of the DT1 present in the pores of the 
TiO2 film occurs on the timescale of the measurement. In this case, the 
extracted rate constants are likely to underestimate the true second order rate 
constants and may partly reflect the rate of diffusion of DT1 from the bulk 
electrolyte into the pores of the TiO2 film. Despite this complication, the rate 
constants obtained here can be considered lower limits of the true second order 
rate constants.  
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Interestingly, the highest rate constant estimated for DT1 (ca. 107 M-1 s-1) is 
two orders of magnitude larger than that for iodide (ca. 105 M-1 s-1)144 but still 
smaller than the fastest rate constants observed in, for example, the 
ferrocene/carbazole dye system (ca. 109 M-1 s-1). 33 
4.7 Estimation of injection and charge collection efficiencies 
To further investigate the factors limiting the performance of DSCs using 
the DT1 redox molecule, IS measurements were performed to estimate the 
conduction band position and recombination rate in these devices. The C vs. 
VOC plots for devices using DT1 and iodide based electrolyte are shown in 
Figure 4-9 after correction of the difference in redox potentials between DT1 
and iodide by subtracting EF,redox from the VOC scale for the iodide data.  The 
horizontal shift between the two plots indicates that the conduction band in 
DT1 based devices is ~130 mV higher than that in iodide based devices; 
however, the potential gain in VOC due to higher conduction band is 
counteracted by the ~280 mV more negative formal potential of DT1 
compared to iodide, which is partly a reason for the lower VOC observed in 
DT1 based devices. In fact, the horizontal shift in Rrec-VOC plots (Figure 4-10a) 
indicates that a ~120 mV difference in VOC between DT1 and iodide based 
devices can be caused by differences in recombination. 




Figure 4-9 TiO2 capacitance versus photovoltage (C-VOC) plots for devices 
employing Z907 dye and DT1 or iodide based electrolytes. The C-VOC plot for DT1 
based device has been shifted along the X axis for 280 mV to correct the difference in 
redox potentials between DT1 and iodide based electrolytes.  
According to Figure 4-10b, at any given electron density (reflected by C, 
Rrec values for DT1 based devices are slightly smaller than that for iodide 
based devices, and both are much larger than the transport resistance, Rt. 
Electron diffusion lengths (Ln) of 14-30 times the film thickness can be 
calculated for DT1 and iodide based devices using eq. 2-17. Although Ln may 
be shorter at short circuit than at open circuit, it is very unlikely to drop to 
below 3 times the film thickness given that Ln is 14 times the film thickness at 
the lowest voltage measured (0.40 V). Therefore, the charge collection ought 
to be very efficient in both types of devices even under short-circuit 
conditions.156 Considering regeneration is also highly efficient with DT1 (at 
the concentration used in the device), the lower jSC values obtained in DT1 
based devices are most likely to be caused by poor electron injection 
efficiency due to the higher conduction band position in DT1 based devices, as 
indicated in the C-VOC plots (Figure 4-9). Attempts were made to increase jSC 
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by adding more Li+ salt or reducing the tBP concentration in the electrolyte 
solution, but jSC was not significantly improved and precipitate was observed 
in the electrolyte solution after adding the Li+ salt. 
Figure 4-10 a)  Recombination resistance (Rrec) versus photovoltage (VOC) plots and b) 
Transport resistance (Rt) and Rrec versus capacitance (C) plots for devices employing 
Z907 dyes with either a DT1-based electrolyte or an iodide-based electrolyte. 
4.8 Conclusions 
A series of dithioate redox mediators have been evaluated for use in dye-
sensitized solar cells. The redox potential increases by using more electron-
withdrawing groups (diethylamine < ethoxy < methyl), however, the solar cell 
performance, especially open-circuit voltage, does not increase as expected. 
1 Sun short-circuit current also decreases with increasing redox potential, 
which is presumably due to inefficient regeneration. Among all of the three 
dithioate redox mediators, tetrabutylammonium diethylcarbamodithioate (DT1) 
has shown the best performance, with a power conversion efficiency of 3.9% 
obtained under AM 1.5 1 Sun conditions. DT1 exhibits negligible visible light 
absorption and a diffusion coefficient (6.4×10-6 cm2 s-1). Regeneration of the 
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Z907 dye by DT1 is found to be efficient even at very low concentration (20 
mM), probably due to a large regeneration driving force of ~0.87 eV. One 
limiting factor in DT1 based devices is low VOC due to relatively negative 
redox potential, although this is partially compensated by an upward shift 
conduction band.  The charge transfer overpotential at the counter electrode is 
quite high even using porous carbon black as the electrode material, which 
leads to poor fill factors in DT1 based devices.  
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5 Influence of dye structure on charge recombination 
in dye-sensitized solar cells employing a cobalt 
bipyridyl redox mediator 
5.1 Introduction 
Compared with the mechanistic complications of multiple electron transfer 
redox reactions, one-electron outer-sphere Co(II)/(III) complexes redox 
couples usually show simpler kinetics and may require a smaller energy 
expenditure for the dye regeneration process, reducing the loss of VOC. 
Various substituted Co(II)/(III) complexes have been studied for use in 
DSCs,116-118,157,158 among which, cobalt tris-bipyridyl complexes 
([Co(bpy)3]2+/3+) have provided the best performance to date (structures shown 
in Figure 5-1). Besides the reduced visible light absorption and non-corrosion 
towards metals, the standard redox potential for the [Co(bpy)3]2+/3+ is 
measured to be ~560 mV vs. NHE,118 which is ~210 mV more positive than 
that of I-/I3-. In a DSC, as discussed previously, this implies a reduction in the 
driving force for sensitizer regeneration and a possible increase in 
photovoltage and power conversion efficiency, provided that the rate of charge 
recombination for the [Co(bpy)3]2+/3+ redox couple is comparable to or slower 
than for I-/I3-. 
According to previous work, Co(II/III) redox shuttles generally show 
inferior performance when used with N719, compared with I-/I3-. It was 
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assumed that ion pairs can form between Co3+ and negatively charged dye 
molecules, which could block the approach of Co2+ thus retarding 
regeneration.116 It was also suggested that ion-pair formation may increase the 
probability of intercepting TiO2 electrons, and consequently decrease the 
charge collection efficiency and limit the measured photocurrent and 
photovoltage.117 Bulky derivatives of Co(II/III) complexes can help to avoid 
the fast backward electron transfer from TiO2 to Co(III), however in this case 
mass transport limits the overall device performance.157,159 Recently, 
Ondersma et al. have used electrochemical impedance spectroscopy to show 
that electron lifetimes and diffusion length decrease as the steric bulk of cobalt 
complex mediators decreases.160 Feldt et al. recently found that by building 
steric hindrance into organic dye molecules performance can be greatly 
improved, even when the comparatively non-bulky redox mediator 
[Co(bpy)3]2+/3+ was used.118 Even more recently, Tsao et al. modified the 
organic sensitizer developed by Feldt et al. to improve its red absorption and 
achieved an impressive efficiency of 9.6 %.161 
 
Figure 5-1 Molecular structures of cobalt tris-bipyridyl complexes: [Co(bpy)3]2+ and 
[Co(bpy)3]3+. 
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It was shown that these recent breakthroughs in efficiency are due to 
reduced recombination brought about by increasing the steric bulk of the dye. 
In this chapter, the hypothesis that incorporating bulky groups into the dye 
molecule can reduce recombination is further tested, using two conventional 
ruthenium dyes (Z907 and N719) as model dyes, one bearing a bulky nonyl 
chain, the other not. The structures of these two dyes are shown previously in 
Figure 2-1. A significantly higher efficiency can be achieved with Z907 and 
the non-bulky [Co(bpy)3]2+/3+ redox couple, compared to devices using N719. 
A detailed characterization of these DSCs is presented and the possible 
influence of dye structure on charge collection is discussed. In addition to 
these, a novel strategy (combined NIR transmittance measurement and 
impedance spectroscopy) to estimate the magnitude of diffusion length when it 
is shorter than the TiO2 film thickness is presented. 
5.2 Differences in photovoltaic performance between two 
ruthenium dyes 
DSCs were fabricated with [Co(bpy)3]2+/3+ based electrolytes with either 
Z907 or N719 dye. For comparison, DSCs containing I-/I3- based electrolyte 
were also fabricated. The [Co(bpy)3]2+/3+ based electrolyte contains 0.2 M 
[Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 0.1 M LiClO4 and 0.5 M tBP in 
acetonitrile. The reference I-/I3- electrolyte contains 0.6 M PMII, 0.03 M I2, 0.1 
M guanidine thiocyanate and 0.5 M tBP in a mixture of acetonitrile and 
valeronitrile (volume ratio 85:15). The following cell naming scheme is used 
throughout the chapter: N719-I (I-/I3- electrolyte, N719 dye), Z907-I (I-/I3- 
electrolyte, Z907 dye), N719-Co ([Co(bpy)3]2+/3+ electrolyte, N719 dye), 
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Z907-Co ([Co(bpy)3]2+/3+ electrolyte, Z907 dye). Figure 5-2 shows the j-V 
characteristics and IPCE spectra for these devices. The photovoltaic 
parameters are listed in Table 5-1.  
Figure 5-2 a) j-V characteristics measured under simulated AM1.5 1 Sun illumination 
and b) IPCE spectra for DSCs employing either an I-/I3- electrolyte or a 
[Co(bpy)3]2+/3+ electrolyte with either Z907 or N719 dye. All cells employed 5 m 
thick transparent TiO2 layers and 2 m thick light scattering layers. 
Table 5-1 Photovoltaic parameters for DSCs shown in Figure 5-2, measured under 
simulated AM1.5 1 Sun illumination. 
Device jSC / mA cm-2 VOC / mV ff PCE / % 
Z907-I 15.9 790 0.61 7.7 
N719-I 16.8 758 0.63 8.0 
Z907-Co 14.0 744 0.62 6.5 
N719-Co 3.8 620 0.76 1.8 
 
Slightly better performance was obtained when using the N719 dye 
compared with that obtained using the Z907 dye for the I-/I3- reference 
electrolyte, which is consistent with the literature.144,162 On the other hand, 
device performance when using N719 is very poor if the [Co(bpy)3]2+/3+ 
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electrolyte is used,163,164 while it is much higher when using Z907, as 
previously reported by Feldt et al.118 Unexpectedly, VOC for devices employing 
the [Co(bpy)3]2+/3+ electrolyte are not higher than that for devices using the I-
/I3- electrolyte, despite the more positive redox potential of the [Co(bpy)3]2+/3+ 
mediator, which indicates that the recombination is faster in [Co(bpy)3]2+/3+-
based devices. This is either due to an increased recombination rate constant 
or due to a relatively low conduction band edge, which increases electron 
concentration for any given cell voltage, and thus the recombination flux. The 
IPCE spectra (Figure 5-2b) also indicate that when used with the 
[Co(bpy)3]2+/3+ mediator, Z907 is a far superior sensitizer compared with N719. 
This is also mirrored in 1 Sun short-circuit photocurrent data. The lower jSC 
obtained by the N719-Co cell is presumably due to more significant charge 
collection losses compared to the Z907-Co cell. 
5.3 	Estimation of charge collection of DSCs using various 
electrolytes and sensitizers 
The photocurrent in [Co(bpy)3]2+/3+-based cells is generally lower than that 
in I-/I3--based cells. To ascertain the reason for this, impedance spectroscopy 
(IS) measurements were used to estimate the effective electron diffusion 
length under a variety of operating conditions. Figure 5-3 shows representative 
IS spectra for cells employing different electrolytes and dyes. For the IS 
measurements, the TiO2 electrodes were made of transparent layers (ca. 10 m) 
without TiO2 scattering layers for simplicity. IS spectra were recorded at the 
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open circuit potential with cells under illumination from 625 nm light of 
various intensities (see figure caption and experimental methods for details). 
Apart from N719-Co cells, data for all cells can be well fitted by an 
equivalent circuit model (Figure 2-5) containing an impedance describing 
diffusion and recombination in the TiO2 layer, as discussed previously in 
Section 2.3.6. The fitting results are shown in Figure 5-4: the chemical 
capacitance (C, transport resistance (Rt), recombination resistance (Rrec) and 
diffusion length (Ln) are respectively plotted versus VOC.  
 
Figure 5-3 Typical IS spectra for a DSC with the N719 sensitizer and an I-/I3- 
electrolyte which exhibits Ln >> d, measured at VOC = 0.507 V (red circles) and for a 
DSC with the N719 sensitizer and a [Co(bpy)3]2+/3+ electrolyte which exhibits Ln < d, 
measured at VOC = 0.513 V (black circles). The inset is enlarged version of spectra at 
high frequency. 
For the N719-Co cell, errors in fitted parameters are large in all cases 
because the impedance spectra resemble a Gerischer impedance (Figure 5-3), 
indicating that the electron diffusion length is shorter than the TiO2 layer 
thickness, while the other three combinations yielded spectra consistent with a 
Chapter 5 Influence of Dye Structure on Charge Recombination  
108 
 
diffusion length that is longer than the TiO2 layer thickness. The Gerischer 
impedance was originally used to describe the impedance of an 
electrochemical reaction with a preceding chemical step (i.e. CE mechanism). 
Then Gerischer impedance was also used to describe the diffusion and 
reaction in a porous electrode. Despite the possible errors in fitting the N719-
Co data, the results obtained from the best free fits to the spectra have been 
included for comparison with the data obtained for the other cells, which are 
believed to be reliable. Plots of C or Rt for each electrolyte lie close to one 
another, indicating that the conduction band edge lies at a similar energy for 
both sensitizers (Figure 5-4a&b). The horizontal shift in VOC between plots for 
the two different electrolytes is ca. 50 mV. This is smaller than the measured 
difference in electrolyte redox potential, implying that the band edge in the 
[Co(bpy)3]2+/3+-based cells lies about 160 mV more positive than that in the I-
/I3--based cells. This is very plausible since the [Co(bpy)3]2+/3+ electrolyte 
differs from the I-/I3- electrolyte in several respects, most importantly it 
contains a higher concentration of Li+ ions, which are thought to shift the band 









Figure 5-4 Dependence of a) TiO2 chemical capacitance (C), b) transport resistance 
(Rt), c) recombination resistance (Rrec), and d) electron diffusion length (Ln), on VOC 
for various electrolyte/dye combinations.  
For the Z907-I, N719-I and Z907-Co cells, Ln was calculated from values 
of Rt with errors smaller than 10 % and where Rt ≥ RPt.163,165 Ln was found to 
be less than the TiO2 film thickness (d) for the N719-Co cell. It has been 
suggested that for Ln < d, it is not possible to fit IS spectra to obtain a unique 
value of Ln.166 For extremely short Ln (i.e. Ln << d and thus Rt >> Rrec), this is 
certainly true as eq. 2-14 can be simplified to  
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According to eq. 5-1, it is clear that an arbitrary number of combinations of 
Rrec, Rt and C can fit simulated spectra provided that Rrec << Rt and C is 
chosen appropriately.  
5.4 Quantifying short diffusion length in DSCs 
It has been pointed out by Halme et al. that even for very short Ln, the 
electron lifetime (n = RrecC), can still be obtained from IS measurements.166 
It follows then, that if C can somehow be found independently, Rrec can be 
determined. Rt can then be determined by the DC limit of the photoelectrode 
impedance, which for the Gerischer-type impedance is given by ඥܴ୰ୣୡܴ୲ . 
Therefore, in order to ascertain whether or not the fitted results for the N719-
Co cells are meaningful, NIR transmission measurements were performed 
with the aim of obtaining an independent estimate of the charge stored in the 
TiO2 layer as a function of open-circuit photovoltage, and thus the capacitance. 
There are also several other techniques that are suitable for determining 
electron diffusion length when it is short compared to the TiO2 layer thickness. 
These include back/front IPCE measurements,143,156,167 IMPS/IMVS,36,61,168 or 
transients, either made at constant bias voltage, or under different conditions if 
combined with appropriate charge extraction measurements. When using 
IMPS/IMVS or transients, full fits must be performed taking proper account of 
the AC photocurrent generation efficiency and not simply relying on time 
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constants, which could also lead to inaccurate results if Ln is shorter than the 
TiO2 layer thickness.169 
The approach begins by calibrating NIR measurements so that the 
absorbance change at 940 nm, A, can be related to the excess charge stored in 
the cell, Qxs, relative to equilibrium in the dark. Qxs is obtained from IS data 
using 




The most obvious alternative technique which could be used to obtain this 
information, known as “charge extraction”, could potentially suffer from 
unknown recombination losses during extraction. This potential error source 
does not affect Qxs determined by IS measurements (provided that the spectra 
are not Gerischer-type), which separately accounts for the efficiency with 
which charge is extracted from throughout the TiO2 layer, through the Rt and 
Rrec parameters.  
Figure 5-5a shows plots of A versus Qxs calculated in the way outlined 
above. Data for three cells where Ln > d is satisfied (so that IS fitting results 
should be valid) are shown in Figure 5-5a: Z907-I, N719-I and Z907-Co. All 
plots are in very close coincidence indicating that changing the dye and 
electrolyte does not significantly affect the proportionality between 
absorbance and stored charge. If it is assumed that the absorption change 
originating from charge accumulation is caused by electrons in the TiO2 then, 
for a constant electron absorption cross section  
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where n is the electron absorption cross section, d is TiO2 layer thickness and 
n is the electron concentration. If a straight line is fitted forcing it to go 
through the origin, n = 2.1 × 10-18 cm2 can be obtained (neglecting the 
porosity of the TiO2 layer), which is of the order of the value reported by 
Nguyen et al. (5.4 × 10-18 cm2), who also used the same commercial TiO2 
paste (Dyesol, DSL-18NR-T).39 
Based on the results presented in Figure 5-5a, A will be directly used as 
an indicator of charge stored in the cell. Figure 5-5b shows plots of A versus 
VOC for all four cells. The plots of A versus VOC for the N719-Co and Z907-
Co cells overlap very well. Unfortunately only a very limited range of A is 
covered by the measurements for the N719-Co cell. This problem is caused 
because larger charges/photovoltages cannot be reached for the N719-Co cell 
at the light intensities available experimentally, due to the particularly fast 
charge recombination in this cell. Further measurements at lower light 
intensities (i.e. low charges/photovoltages) are also not useful due to an 
unacceptably poor signal-to-noise ratio. Based on the data presented in Figure 
5-5b, it can be assumed that the TiO2 band edge in the N719-Co cell lies at the 
same energy as for the Z907-Co cell. This assumption is also consistent with 
Figure 5-4 (a, b), which implies no large shift in band edge upon switching 
from Z907 to N719 for each electrolyte (note that, for the I-/I3- data, the IS 
fitting is almost certainly reliable). 
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Figure 5-5 a) Plots of A versus Qxs for electrolyte/dye combinations where Ln ≥ d. b) 
Plots of A versus VOC for various electrolyte/dye combinations. 
Assuming that the variation of capacitance with voltage for both cells is 
also the same, the relationship between capacitance and photovoltage for the 
Z907-Co cell can be used to predict the capacitance of the N719-Co cell at 
each photovoltage, by interpolation or fitting. Thus, IS spectra for the N719-
Co cell can be unambiguously fitted, while holding the values for the 
capacitance fixed to those predicted by the Z907-Co fitting results for each 
VOC. Figure 5-6 shows the dependence of electron diffusion length on 
photovoltage for the N719-Co cell derived from the best free fits to the IS 
spectra and from the fits obtained while holding the capacitance fixed, as 
described previously. The error bars are calculated from the error estimates 
reported by the non-linear least squares fitting algorithm (ZView 3.1c). 




Figure 5-6 Plots of electron diffusion length (Ln) versus VOC for the N719-Co cell. Fits 
were either performed with the TiO2 capacitance allowed to vary freely or with the 
capacitance fixed to the value predicted from Z907-Co fitting results for each VOC. 
 It is evident that the results obtained from both approaches (free fits and 
fixed capacitance) are in excellent agreement. Error estimates for the free fits 
of IS spectra are obviously much larger; however, they are less than the 
parameter values themselves in all cases and it would therefore appear that the 
results from the free fits are meaningful, even though Ln is only about one 
third of the TiO2 layer thickness. 
5.5 Influence of sensitizer molecule structure on charge 
collection 
In principle, the low jSC of the N719-Co cells compared with Z907-Co cells 
could occur due to less efficient light absorption, electron injection, dye 
regeneration or charge collection (as discussed in Chapter 2, section 2.3.5). It 
is highly unlikely that differences in light absorption can account for the ca. 
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73 % decrease in jSC upon switching from Z907 to N719, since for the I-/I3- 
electrolyte there is only a small difference in jSC between the two dyes. This 
also implies differences in electron injection efficiency between the two dyes 
are not large in the I-/I3- electrolyte; the high jSC found for the Z907 dye in the 
[Co(bpy)3]2+/3+ electrolyte then also implies reasonably efficient electron 
injection, which is probably also true for the N719-Co cell based on IS 
measurements. The difference in dye regeneration between two dyes can also 
be ruled out as it has been shown that with a similar cobalt complex redox 
couple, dye regeneration with N719 is much faster than with Z907.117 
Therefore, based on the above discussion, the most likely cause for the low jSC 
of the N719-Co cell is less efficient charge collection. Plots of Rt and C 
versus VOC reveal that the TiO2 conduction band edge is likely to be at the 
same energy for the two different dyes, and also that the free electron mobility 
(or diffusion coefficient) is unaffected by the choice of sensitizing dye. This 
means that the poor charge collection efficiency arises from faster charge 
recombination in the N719-Co cells as compared to the Z907-Co cells.  
To ascertain the reason for faster charge recombination in the N719-Co 
cells, the charge transfer kinetics were studied by IS measurements in the dark 
to exclude possible effects caused by different dye regeneration kinetics. 
Testing devices were thin layer cells employing a [Co(bpy)3]2+/3+ electrolyte, 
Pt-coated counter electrodes, and 5 m thick TiO2 working electrodes, which 
were either unmodified or sensitized with N719 or Z907. A similar ruthenium 
dye Ru(dcbpy)(dmbpy)2 (dcbpy=2,2’-bipyridyl-4,4’-dicarboxylate, 
dmbpy=4,4’-dimethyl 2,2’-bipyridine, coded as Z995) has also been employed 
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in this experiment for comparison (Figure 5-7). Thin TiO2 layers were chosen 
so that Ln > d under all conditions, making interpretation of IS spectra simpler. 
 
Figure 5-7 Structure of the Z995 dye. 
The Rrec data are plotted versus Cin Figure 5-8a. As discussed previously, 
this approach is equivalent to plotting data versus TiO2 electron concentration 
or TiO2 density of states,150 and that C is a good indicator of the position of 
the electron quasi-Fermi level relative to the conduction band edge. Plots of 
C versus bias (corrected by removing iR drop across the series resistance Rs) 
are also shown in Figure 5-8b to get a rough estimation of the conduction band 
edge difference between these devices. The conduction band of bare TiO2 
seems to be very close to that of N719 or Z907 sensitized TiO2 devices with 
the [Co(bpy)3]2+/3+ electrolyte, which is different for the case of the I-/I3- 
electrolyte where the conduction band of bare TiO2 is more negative than that 
of sensitized TiO2 due to the adsorption of protons released from carboxylic 
acid groups.39 This is plausible since the current electrolyte composition 
differs in many ways compared to typical I-/I3- electrolytes. 
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Figure 5-8 a) Plots of Rrec versus C derived from IS measurements performed in the 
dark for thin layer cells employing a [Co(bpy)3]2+/3+ electrolyte with 5 m thick bare 
TiO2, N719-sensitized TiO2 and Z907-sensitized TiO2, and Z995-sensitized TiO2 
electrodes. b) Plots of C versus bias (corrected by removing iR drop across series 
resistance Rs) for each combination in a). 
From Figure 5-8a it is evident that at any given C, Rrec values for N719-
TiO2, Z995-TiO2 and bare TiO2 are quite close to each other, and Rrec for 
Z907-TiO2 is much bigger than that for bare TiO2 and N719 or Z995 
sensitized TiO2, which accounts for the greatly decreased charge 
recombination in Z907-Co cells. Since Z995 and N719 are of similar size, and 
are both smaller than Z907 which possesses two nonyl chains (Figure 2-1 and 
Figure 5-7), it is expected that N719 and Z995 are worse than Z907 at 
sterically hindering the approach of [Co(bpy)3]3+ towards the surface of TiO2. 
However, this cannot explain why the plots of Rrec versus C for N719-TiO2 or 
Z995-TiO2 lie close to plots for bare TiO2, and the steric effect seems not 
applicable. A possible explanation for this is that the fully deprotonated N719 
possesses four negative charges and, compared with Z907 which only has two 
negative charges, the Coulombic interaction with [Co(bpy)3]3+ is presumably 
much stronger, which leads to a higher possibility of electron interception. 
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This may account for another possible reason for the much faster charge 
recombination in N719-Co cells compared to Z907-Co cells, and this also 
explains the similar Rrec values of N719-TiO2 and bare TiO2 (which may be 
less negatively charged than N719-TiO2). However, the results obtained with 
Z995-TiO2 seemed to contradict this explanation as it has a different charge to 
N719, yet yields almost identical plots of Rrec versus C. Another more likely 
explanation is simply that N719 and Z995, which are mostly conjugated 
molecules, are ineffective at attenuating electronic coupling between the TiO2 
conduction band and the empty molecular orbitals on the cobalt acceptor 
species. Conversely, the insulating nonyl chains on Z907 are likely to be very 
effective at attenuating coupling, thus resulting in increased recombination 
resistance. 
5.6 Conclusions 
Dye-sensitized solar cells employing [Co(bpy)3]2+/3+ redox shuttles show 
potential for replacement of the traditional I-/I3- couple, even when used in 
conjunction with the well-known Z907 ruthenium-based dye. With an 
optimized electrolyte composition, a power conversion efficiency of 6.5% was 
achieved, which at the time this work was published was the highest1 Sun 
efficiency reported to date for a ruthenium sensitizer and a cobalt redox 
mediator. IS measurements show that the rate of recombination in the Z907 
system is decreased by several orders of magnitudes compared with the 
system using the N719 dye. NIR transmittance measurements made in parallel 
with IS measurements have enabled determination of an accurate value for the 
electron diffusion length in the N719 / [Co(bpy)3]2+/3+ system, which is much 
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shorter than in the Z907 system. The presence of an insulating nonyl chain on 
Z907 appears to be the most likely reason for its superior performance in 
DSCs employing [Co(bpy)3]2+/3+ mediators whereas simple considerations of 
molecular size or charge cannot adequately explain the current data. 
The methodological approach demonstrates that the additional information 
provided by NIR transmittance measurements made in parallel with IS 
measurements enables accurate determination of electron diffusion length, 
even if it is much shorter than the TiO2 layer thickness. This may prove useful 
in accurately quantifying recombination losses in systems which are in the 
early stages of development and are far from being optimized, without the 
need to specially fabricate very thin TiO2 layers. The present results also show 
that high efficiencies with cobalt complexes based redox mediators can be 
obtained with ruthenium based sensitizers, provided appropriate steric 
hindrance is built into the dye molecule. It is expected that other ruthenium-
based sensitizers with appropriate bulky groups which are able to shield the 
TiO2 from electron acceptors may produce even higher power conversion 
efficiencies than the efficiency presently obtained with Z907. It may also be 
beneficial to increase the absorption coefficient of the dye, permitting thinner 
TiO2 layers to be used. These are more promising strategies than trying to 
reduce recombination by increasing the bulk of the cobalt complexes, which 
would lower their diffusion coefficients, thus limiting the cell performance as 
a result of mass transport over-potential.159 
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6 Performance improvement in ruthenium dye and 
cobalt bipyridyl based dye-sensitized solar cells: 
effect of coadsorbents on charge recombination and 
injection 
6.1 Introduction 
Although the combination of organic sensitizers and cobalt-based 
electrolyte yields the highest performance to date, so far no reliable stability 
data has been published, yet it is known that organic sensitizers generally 
suffer from poorer photostability compared to ruthenium sensitizers.170 
Previous work has shown that, for cobalt-based electrolytes, bulky ruthenium 
sensitizers such as Z907 (which bears two nonyl chains) yield much better 
performance than alkyl chain-free ruthenium sensitizers (e.g. N719 and N3), 
due to greatly suppressed recombination caused by the steric hindrance of the 
alkyl chains.52,118,171 Previously an efficiency up to 6.5% for DSCs using a 
cobalt bipyridyl electrolyte in conjunction with ruthenium dye Z907 was 
obtained (Chapter 5), which is comparable to that achieved by some organic 
sensitizers.52 Therefore, it is not necessarily the case that organic sensitizers 
are intrinsically more suited to use with cobalt electrolytes, and thus it might 
be too early to completely transfer research focus away from ruthenium 
sensitizers to developing new organic sensitizers. Instead, a deeper 
understanding of the problems existing with the present cobalt/ruthenium 
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system is needed, in order to further optimize the performance of this class of 
DSCs.  
Here, the TiO2/dye interface is systematically modified using coadsorbents 
with different alkyl chain lengths, octadecylphosphonic acid (OPA) and 
decylphosphonic acid (DPA), at a range of different surface coverages, with 
the intention of modulating steric hindrance effects. The structures are shown 
in Figure 6-1. Two objectives can be realized by this approach: First, 
comparison between coadsorbents enables further testing of the effect of alkyl 
chain length on recombination. It is not practical to do this by using ruthenium 
dyes with different alkyl chain lengths due to the complicated synthesis 
process and the difficulty in purifying ruthenium dyes with long alkyl chains 
such as C18.172 Second, coadsorbents are well known to help improve DSC 
performance by adjusting the conduction band energy, blocking recombination 
centers, or by preventing dye aggregation.76,173,174 
 
Figure 6-1 Structures of octadecyl-phosphonic acid (OPA) and decyl-phosphonic acid 
(DPA). 
The effect of coadsorbents on the energy of the TiO2 conduction band edge 
and on recombination rate in I-/I3- based DSCs have previously been 
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investigated in detail, and in many cases improvements in performance have 
been observed. For example, it has been shown that use of some coadsorbents, 
such as chenodeoxycholic acid, can negatively shift the conduction band, but 
at the same time recombination is also accelerated due to increased driving 
force.175,176 When using alkyl phosphonic acids as coadsorbents, although the 
overall performance is improved due to passivation of the surface, the 
achievable VOC is limited by the downward shift of the conduction band.177-179 
One exception is the use of a series of ω-guanidinoalkyl acids, which showed 
not only an upward shift of the conduction band but also inhibited 
recombination. So far, no such studies have been carried out for DSCs 
employing cobalt-based electrolytes. 
In this study, improved performance in DSCs based on the cobalt bipyridyl 
redox electrolyte and the ruthenium dye Z907 through the use of alkyl 
phosphonic acid coadsorbents is achieved. It is speculated that these 
coadsorbents with linear structures can more easily fill in voids in the dye 
monolayer, which would otherwise be occupied by electrolyte species or 
solvent molecules, as compared to larger coadsorbent molecules such as 
chenodeoxylcholic acid and dineohexyl phosphinic acid (DINHOP).175,179-183 
As reported in the previous work (Chapter 5), compared with a simple 
bipyridyl ligand, alkyl chains are more effective in inhibiting recombination, 
possibly due to the greater ability of insulating alkyl chains to attenuate 
electronic coupling than conjugated  systems and/or due to simple steric 
hindrance. Therefore, coadsorbents with longer alkyl chains might be more 
efficient in shielding TiO2 electrons from [Co(bpy)3]3+. Indeed, it is found that 
when adopting an appropriate concentration, both coadsorbents OPA and DPA 
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can improve jSC, VOC and overall power conversion efficiency (PCE), with 
OPA showing the best PCE of > 8% for devices using a ruthenium dye and a 
cobalt (II/III) electrolyte. Impedance spectroscopy was used to investigate the 
dependence of conduction band energy and recombination rate on coadsorbent 
loading and alkyl chain length. 
6.2 Influence of coadsorbents and dye loading on photovoltaic 
performance 
Devices employing a cobalt bipyridyl electrolyte and Z907 co-grafted with 
various concentrations of coadsorbents OPA and DPA were fabricated as 
introduced in the experimental section in Chapter 2. Current-voltage 
characteristics and relative dye loading determined by absorbance 
measurements are shown in Table 6-1. It is known that Z907 molecules 
chemically adsorb to the TiO2 surface via carboxylic acid groups, while 
coadsorbents OPA and DPA adsorb via the phosphonic acid group, as 
confirmed by FTIR measurements.177,184 Phosphonic acids generally show 
higher strength of adsorption on acidic metal oxides such as TiO2, compared 
to carboxylic acids.185 Therefore, introduction of phosphonic acid based 
coadsorbents is expected to greatly affect the monolayer assembly process, 
and thus the dye loading amount.186 This is the reason that less than 50% dye 
loading was observed even when the concentration of Z907 is 2 times that of 
OPA or DPA, as shown in Table 6-1. 
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Table 6-1 Effect of coadsorbent:Z907 concentration ratio on current-voltage (j-V) 
parameters and dye loading relative to a TiO2 film sensitized with pure Z907 ().[a] 
OPA:Z907 jSC / mA cm-2 VOC / mV ff / % PCE / % 
0:1 13.3±0.1 763±5 59±1 5.98±0.10 1 
1:40 13.4±0.2 775±4 60±1 6.23±0.04 0.94 
1:20 13.8±0.1 790±5 62±1 6.76±0.11 0.85 
1:10 12.3±0.2 773±6 60±2 5.79±0.14 0.74 
1:4 11.4±0.1 770±4 61±1 5.35±0.07 0.62 
1:2 7.1±0.3 760±7 63±1 3.39±0.06 0.45 
DPA:Z907 jSC / mA cm-2 VOC / mV ff / % PCE / % 
0:1 13.3±0.1 763±5 59±1 5.98±0.10 1 
1:80 13.3±0.1 769±3 60±1 6.13±0.08 0.98 
1:40 13.6±0.1 776±3 61±1 6.43±0.09 0.90 
1:20 13.0±0.1 770±5 61±1 6.10±0.09 0.80 
1:10 11.2±0.2 755±4 61±1 5.15±0.02 0.62 
1:4 8.5±0.3 748±2 65±1 4.13±0.07 0.51 
1:2 6.0±0.2 738±4 66±1 2.92±0.03 0.34 
a All cells employed 6 m TiO2 transparent layers without light scattering layers. 
Errors quoted are the average deviation from the mean of two samples. j-V 
measurements were performed under simulated AM 1.5G 1 Sun illumination. 
Relative dye loadings were estimated from the optical absorbance of the TiO2 
films at 530 nm. 
For both coadsorbents, increasing the coadsorbent:dye concentration ratio 
leads to a decrease in the dye loading. At any given concentration ratio,  
solutions containing OPA always show higher dye loading compared to those 
containing DPA. One possible explanation for this is that DPA has shorter 
chains than OPA, which leads to faster kinetics to reach the TiO2 surface and 
occupy the space which would otherwise be occupied by dye molecules. Thus, 
a lower dye loading is expected for the DPA containing solutions if the 
sensitization process is stopped before a true equilibrium is reached (which 
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would depend only on the thermodynamic binding constants and not on the 
kinetics of the sensitization process). Another possible explanation is that, 
since DPA is smaller than OPA, it is easier for DPA to diffuse into voids 
between dye molecules, and possibly substitute those weakly adsorbed dye 
molecules bonded to the TiO2 by only a single carboxylate group.186,187 
Although dye loading varies with the concentration of coadsorbents, solar cell 
performance does not always scale with the dye loading. 
As shown in Table 6-1, the optimum OPA:Z907 ratio is around 1:20, which 
yields the highest PCE of 6.9%. The jSC is even slightly, but reproducibly, 
higher than that of the pure Z907 cell, despite the 15% lower dye loading. The 
PCE of devices with coadsorbent:Z907 ratios higher than 1:10 is mainly 
limited by the very low  and therefore low jSC. For devices employing lower 
ratios, differences in PCE are mainly caused by modulations of open-circuit 
voltage (VOC) and fill factor (ff), with jSC becoming quite insensitive to 
To better illustrate the dependence of jSC on dye loading, jSC is simulated as 
a function of dye loading by integrating the product of the solar flux spectrum 
and the light harvesting efficiency spectra of the dye-sensitized TiO2 
electrodes. Assuming both charge collection and injection efficiencies are 
100%, the theoretical maximum jSC, according to eq.  2-11, can be expressed 
as 
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where Jph() is the spectral solar photon flux (AM 1.5G), and light harvesting 
efficiency, lh(), is calculated based on eq. 2-3. Plots of simulated and 
measured jSC versus dye loading are shown in Figure 6-2. 
 
Figure 6-2 Experimental and simulated dependence of short-circuit current density 
(jSC) on dye loading ( for electrodes without scattering layer. 
From the simulated plot in Figure 6-2, it is clearly seen that jSC is not 
expected to increase linearly with dye loading. Note that the simulation 
predicts the maximum jSC that can be achieved at any given dye loading, as 
unity injection and collection efficiencies are assumed. Experimentally 
obtained jSC values with dye loading from 60% to 85% agree with the 
simulated plot to within experimental uncertainty. The deviation from the 
simulation at higher or lower dye loading suggests non-unity injection and/or 
collection efficiency. In accordance with the previous discussion, it is 
speculated that the lower jSC obtained by using either pure Z907 or the lowest 
concentration ratios of OPA and DPA (the first three points with highest dye 
loading in Figure 6-2), is due to losses in injection caused by dye aggregation 
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(an upward conduction band shift can be ruled out based on impedance data), 
or due to losses in charge collection caused by less efficient shielding of 
recombination centers or recombination with the oxidized sensitizer. The 
lower jSC obtained by using a very high concentration of OPA or DPA (the last 
three points with lowest dye loading in Figure 6-2) is mainly due to losses in 
charge collection, as at such high coadsorbent:Z907 concentration ratios dye 
aggregation is not expected to be significant and again, injection losses caused 
by band shift can be ruled out on the basis of impedance data to be presented 
later. 
6.3 Determination of charge injection and collection 
efficiencies from back/front IPCE analysis  
In principle, the improvement in jSC with optimum coadsorbent:Z907 
concentration ratio (10-15% less dye loading) could be caused by enhanced 
dye regeneration efficiency (reg), injection efficiency (inj), or charge 
collection efficiency (col). The reg is found to be 100% efficient based on 
transient absorbance measurements monitoring the decay of the oxidized 
dye in the presence or absence of [Co(bpy)3]2+ for devices with or without 
coadsorbents (Figure 6-3). The decay constants and reg are listed in Table 
6-2. 
   




Figure 6-3 Transient absorbance (OD) decays following pulsed laser excitation ( = 
532 nm, pulse duration ~5 ns, pulse fluence ~10 J cm-2) for a) Pure Z907, b) 
OPA:Z907 1:20 and c) DPA:Z907 1:40 in the presence (right trace) or absence (left 
trace) of [Co(bpy)3]2+. OD is recorded at 680 nm. Blue and red solid lines are fits of 
eq. 2-19 to the data. 
Table 6-2 Transient absorbance decay constants and regeneration efficiencies for 
TiO2 films sensitized by Z907 with or without coadsorbents. 
 obs / s obs,0 / s reg / % 
Pure Z907 17.6±0.8 2420±21.2 99.3±0.03 
Opt. OPA&Z907 41.4±1.7 2982±37.1 98.6±0.06 
Opt. DPA&Z907 24.3±1.1 3547±33.0 99.3±0.03 
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To quantify col and inj in these devices, IPCE spectra were measured with 
illumination incident on the electrolyte side (back) or the substrate side (front) 
of the devices at short circuit. The back/front IPCE ratio spectra for various 
devices are plotted in Figure 6-4a.  For comparison, simulated data for a 
device with very bad charge collection, i.e. short diffusion length, are also 
shown in Figure 6-4a.188 However, due to the variation in lh between the 
tested devices, it is not straightforward to graphically estimate the differences 
in col directly from Figure 6-4a. Therefore, back/front IPCE ratio spectra 
were fitted with a diffusion-recombination model189 to obtain an effective 
electron diffusion length (Ln), utilizing transmission and absorption coefficient 
spectra for individual cell components (e.g. dyed TiO2 layers, electrolyte 
solution, platinized FTO, etc.). Assuming inj is independent of the direction 
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which are derived from the solution to the electron continuity equation in the 
diffusion-recombination model.167 After optical characterization and IPCE 
measurements, the only unknown in eq. 6-2 is Ln, which therefore can be 
obtained by fitting. Once Ln is known, the average col applicable to front-side, 
AM 1.5G illumination can be calculated according to eq. 6-3, and then inj can 
also be estimated by fitting the individual IPCE spectra.167,188,190  
 
              
Figure 6-4 a) Back/front IPCE ratio (IPCE,b/IPCE,f) spectra for various devices; b) 
Representative front-side IPCE (IPCE,f) and IPCE,b/IPCE,f spectra for a pure Z907 
device. Solid lines are fits of a diffusion-recombination model to the data. The dotted 
line indicates the maximum obtainable back/front IPCE ratio, given by the back/front 
light harvesting efficiency ratio (lh,blh,f), corresponding to very long electron 
diffusion length and a charge collection efficiency of unity. 
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Table 6-3 Fitted diffusion length (Ln), charge collection efficiency (col) and injection 
efficiency (inj) values for devices employing pure Z907 or optimized OPA and DPA 
coverages. 
Device Ln / m col inj 
Z907 13 0.95 0.85 
Opt. OPA&Z907 20 0.98 0.93 
Opt. DPA&Z907 11 0.93 0.95 
 
Representative fits to the IPCE data for the pure Z907 device are shown in 
Figure 6-4b. Fitted Ln, col and inj values for devices with optimized 
coadsorbent concentrations are listed in Table 6-3. It is clear from the IPCE 
analysis that incorporation of coadsorbents significantly improves inj. This 
might be expected if coadsorbent molecules substitute weakly adsorbed dye 
molecules and/or break up aggregates that do not contribute to the 
photocurrent as much as strongly adsorbed dye molecules.76,174,186 This 
phenomenon was also observed in I-/I3- based devices by several other groups 
who gave similar explanations.175,178 In principle, it is also possible that inj is 
modulated by shifts in the TiO2 conduction band energy; however, such 
conduction band shifts were found to be negligible based on the analysis of IS 
results to be presented shortly. Incorporation of an optimal amount of OPA or 
DPA also results in an increase or a slight decrease in Ln, respectively, 
although these changes are close to the detection limit of the back/front IPCE 
analysis and translate into relatively minor differences in col. The differences 
in Ln most likely arise from changes in recombination kinetics, which will be 
investigated in more detail later using IS. In summary, improvements in both 
col and inj contribute to the superior photocurrent of devices with an 
optimum concentration of OPA, despite lower dye loading.  
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6.4 Effect of coadsorbents on TiO2 conduction band energy 
and recombination kinetics  
To investigate the effect of coadsorbents on the TiO2 conduction band 
energy, and on interfacial recombination kinetics, IS measurements were 
performed on devices at the open circuit potential with a range of coadsorbent 
coverages. The dependence of TiO2 chemical capacitance (C) on VOC for 
these devices is plotted in Figure 6-5a, in order to estimate the relative 
conduction band energies. The close coincidence between the plots indicates 
that almost negligible conduction band shift is induced by coadsorption of 
phosphonic acids with Z907. This result is slightly surprising considering 
phosphonic acid adsorption is expected to be accompanied by protonation of 
TiO2 surface, which should shift conduction band edge downwards, as found 
in I-/I3- based DSCs.175,178  Presumably in the present case, adsorption of other 
species (e.g. Li+, H+ already present in the electrolyte) is more important in 
determining the interfacial energetics, due to the very different electrolyte 
composition used here. Based on these results it is not expected that the 
driving force for electron injection can be affected by coadsorption of PAs and, 
therefore, the observed improvement in inj is attributed to reduced dye 
aggregation. 
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Figure 6-5 Dependence of (a) TiO2 chemical capacitance (C) and (b) recombination 
resistance (Rrec) and transport resistance (Rt) on open-circuit voltage (VOC) measured 
under illumination for devices using various concentrations of coadsorbents in the 
dye bath. 
The dependence of recombination and transport resistance (Rrec and Rt) on 
VOC are shown in Figure 6-5b. Since C and Rt vs. VOC plots are in such close 
coincidence, the differences in Rrec at any given VOC can be interpreted as 
evidence for differences in recombination rate constant between the devices.147 
The same trends are also found in the VOC data in Table 6-1 (i.e. higher Rrec 
corresponds to higher VOC). As conduction band energies are almost identical 
for all devices, the recombination driving force should also be the same. 
Therefore, the change in rate constant brought about by varying coadsorbent 
coverage is likely to arise from different degrees of shielding of the TiO2 
surface from [Co(bpy)3]3+. At the optimized OPA:Z907 ratio of 1:20, Rrec is 
nearly 3–4 times higher than that of the pure Z907 device, in reasonable 
agreement with the increase in Ln (Table 6-3), which should increase with the 
square root of the relative increase in Rrec (eq. 2-17);191  further increasing the 
OPA:Z907 ratio to 1:2 causes a small decrease in Rrec. For devices with the 
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optimized DPA:Z907 ratio of 1:40, Rrec is very similar to that of the pure Z907 
device; further increasing the DPA:Z907 ratio to 1:2 leads to a 2–3 fold 
decrease in Rrec. 
At any given dye loading (indicative of coadsorbent coverage), Rrec for 
OPA modified devices is much larger than for DPA modified devices. This 
suggests that OPA more efficiently blocks recombination than DPA, probably 
due to greater attenuation of electronic coupling between TiO2 electrons and 
[Co(bpy)3]3+ species by its longer alkyl chain. The reason for the initial 
increase in Rrec with increasing coadsorbent coverage, followed by a decrease 
in Rrec upon further increasing coadsorbent coverage is, however, less obvious. 
If OPA and DPA are assumed to block recombination more effectively than 
Z907, as implied by the data at low coadsorbent coverage, then Rrec would be 
expected to continue to increase as coadsorbent coverage is further increased. 
However, IS measurements on TiO2 layers coated with pure OPA and DPA 
monolayers (Figure 6-6) reveal that for both coadsorbents, Rrec is lower than 
that of layers coated with pure Z907, proving that the coadsorbents alone do 
not block recombination as effectively as Z907.  
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Figure 6-6 Dependence of (a) TiO2 chemical capacitance (C) and (b) recombination 
resistance (Rrec) on VOC measured in the dark for devices using pure Z907, OPA and 
DPA. 
The less effective blocking of recombination by pure coadsorbents could 
arise if the average monolayer thickness for the coadsorbents is less than that 
for Z907, due to differences in molecular size, imperfect monolayer coverage 
and/or a collapse of the long alkyl chains.172,192 At sufficiently low 
coadsorbent coverage, it is speculated that the coadsorbents mainly fill voids 
in the Z907 monolayer while still maintaining a high Z907 coverage, leading 
to an increase in Rrec. Beyond the optimum concentration, excessive 
replacement of Z907 molecules with coadsorbent molecules leads to a thinner 
average monolayer thickness, counteracting the beneficial effect of filling 
voids in the dye monolayer and causing an overall decrease in Rrec. This 











Figure 6-7 Illustration of shielding of TiO2 surface from [Co(bpy)3]3+ species by 
coadsorbent and Z907 molecules. a) Pure Z907 layer with voids and weakly bonded 
dye molecules. b) Optimized coadsorbent coverage; voids filled with coadsorbent, 
minimal substitution of Z907 by coadsorbent, increased average monolayer thickness. 
c) Excessive coadsorbent coverage; decreased average monolayer thickness. 
6.5 Optimized devices with significant performance 
improvement 
To demonstrate the best performance of devices using [Co(bpy)3]3+/2+ 
and the Z907 dye, devices have been carefully optimized by fine tuning the 
OPA:Z907 ratio near the aforementioned optimum of 1:20, adjusting the 
TiO2 film thickness, applying a scattering layer to improve light harvesting, 
as well as reducing series resistance by coating the FTO contacts with 
silver paint. The j-V characteristics of optimized devices with and without 
OPA are shown in Figure 6-8, and the photovoltaic parameters for these 
devices measured at 1 Sun and 0.15 Sun are listed in Table 6-4. The highest 
PCE achieved for devices with OPA under full sunlight is 8.5%, which is 
the highest reported to date for devices using a Co(II/III) mediator in 
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conjunction with a Ru dye. Furthermore, PCEs of up to 9.1% are obtained 
under 0.15 Sun illumination, which shows these devices are also promising 
for lower light applications (e.g. indoors). The linearity of jSC and light 
intensity indicates that there is no mass transport limitation in these devices 
and regeneration efficiency should also be near 100% at any light intensity. 
 
Figure 6-8 AM 1.5G 1 Sun j-V characteristics for optimized devices employing 
OPA:Z907 concentration ratio of 1:18 and 6m TiO2 transparent layers equipped 
with 2 m scattering layers. 
Table 6-4 Photovoltaic parameters measured at 1 Sun and 0.15 Sun for the devices 
shown in Figure 6-8. 
1 SUN jSC / mA cm
-2 VOC / mV ff / % PCE / % 
Z907 14.9±0.5 760±10 62±1 7.1±0.1 
OPA&Z907 16.2±0.4 800±5 64±2 8.3±0.2 
     
0.15 SUN jSC / mA cm
-2 VOC / mV ff / % PCE / % 
Z907 2.10±0.06 694±10 77±1 7.4±0.1 
OPA&Z907 2.37±0.04 730±3 78±1 9.0±0.1 
 




The performance of DSCs using [Co(bpy)3]2+/3+  together with the Ru dye 
Z907 has been significantly improved by employing OPA as a coadsorbent. A 
maximum PCE of 8.5% was achieved under full sunlight. The effect of 
coadsorbents on electron injection and recombination were investigated with 
the aid of IPCE and IS measurements. Both OPA and DPA improve inj, while 
only OPA significantly retards recombination compared to the pure Z907 
device, due to a longer alkyl chain and correspondingly more pronounced 
steric hindrance effects. IS results indicate that the improvement in inj does 
not arise from an increase in injection driving force caused by a conduction 
band shift, pointing to reduced dye aggregation as the main cause. An 
unexpected decrease in Rrec was observed when coadsorbent coverage 
exceeded a certain threshold. A plausible explanation for this is that the 
average thickness of the coadsorbent/Z907 monolayer at high coadsorbent 
coverage is thinner than that at low coverage, either due to the smaller 
molecular size of coadsorbents compared to Z907, or due to the collapse of the 
long alkyl chains of the coadsorbents. At optimum coadsorbent coverage, the 
beneficial effect of filling voids in the dye monolayer outweighs the 
detrimental effect of excessive substitution of Z907 molecules, leading to a 
high PCE for devices using a Ru dye and Co(II/III) mediator. 
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7 Temperature dependence of charge accumulation, 
transport and recombination in dye-sensitized solar 
cells employing the cobalt bipyridyl redox mediator 
7.1 Introduction 
With the increasing understanding of Co(II/III) based dye-sensitized solar 
cell (DSCs), power conversion efficiencies in excess of 12% have recently 
been achieved by using a [Co(bpy)3]2+/3+ redox mediator in conjunction with a 
cyclopentadithiophene bridged donor-acceptor dye named Y123,161 and a 
novel porphyrin dye.18 This efficiency is significantly higher than previously 
reported efficiencies obtained by using both organic dyes and ruthenium dyes 
with the same redox mediator,52,118 but there is still a distance away from the 
theoretical maximum efficiency of DSCs. To further improve the efficiency of 
DSCs based on the [Co(bpy)3]2+/3+ mediator improvements in several areas 
will be required. For example, to achieve higher photocurrents it will be 
necessary to develop new dye molecules that can harvest energy from the 
abundant but underutilized infrared photons present in sunlight. At the same 
time, free energy losses required for efficient charge separation and mass 
transport through the cell must be minimized in order to maximize 
photovoltage and achieve good fill factors. Equally important is the need to 
understand and reduce unwanted charge carrier recombination at the 
semiconductor-solution interface, as this will ultimately limit photovoltage, fill 
factor and efficiency once other aspects of the solar cell are fully optimized. 
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The main recombination process in efficient [Co(bpy)3]2+/3+ based DSCs is 
thought to be heterogeneous electron transfer from the dye-sensitized TiO2 
electrode to Co[(bpy)3]3+ ions in solution. Elucidating the details of this 
important process in functional DSCs was a major objective of the present 
work. Here, impedance spectroscopy is used to characterize charge storage, 
transport, and recombination of DSCs employing the state-of-the-art organic 
dye Y123 (Figure 7-1) over a range of different temperatures, in addition to 
variation of incident light intensity and cell voltage. It is worth noting that 
charge storage (i.e. capacitance) and transport are equally important as they 
provide additional information on position of quasi-Fermi level, charge 
density and density of states, which all affect recombination rate. DSCs 
employing the ruthenium dye Z907 are also studied to elucidate the reason for 
the lower power conversion efficiency compared to Y123. The predominant 
recombination pathways are found to be different between Y123 and Z907 
based devices, which is a major reason for the difference in efficiency between 
the two dyes. The apparent change in recombination mechanism is due to the 
difference in tunnel barrier heights for surface-state and conduction band 
mediated recombination combined with a different barrier width for each dye. 
 
 




Figure 7-1 Molecular structure of the Y123 dye. 
7.2 Temperature dependence of capacitance 
Impedance spectroscopy (IS) measurements were performed over a range 
of temperatures and photovoltages (VOC) on DSCs employing I-/I3- as redox 
mediator and Z907 as sensitizer (cells coded as Z907-I) or [Co(bpy)3]2+/3+ as 
redox mediator and either Z907 or Y123 as sensitizer (cells coded as Z907-Co 
or Y123-Co). Current-voltage characteristics of these cells are shown in 
Figure 7-2 and the corresponding photovoltaic parameters are listed in Table 
7-1. To control the temperature, the cells were mounted on a Peltier element 
using a thin layer of thermally conductive paste during the measurements, and 
the temperature was monitored using a thermocouple.  




Figure 7-2 Current-voltage characteristics measured under 100 mW cm-2 simulated 
AM 1.5G illumination for the DSCs used in the present study. 
Table 7-1 Photovoltaic parameters for the DSCs used in this study. 
Dye, redox mediator jSC / mA cm-2 VOC / mV ff / % PCE/ % 
Z907, I-/I3- 13.8 811 69.6 7.78 
Z907, [Co(bpy)3]2+/3+ 14.3 758 61.4 6.54 
Y123, [Co(bpy)3]2+/3+ 12.7 906 68.6 7.88 
Impedance spectra were analyzed using the equivalent circuit147 as shown 
in Figure 2-5 to obtain the capacitance (Cmeas), electron transport resistance 
(Rt), and recombination resistance (Rrec) of the TiO2 layer. Figure 7-3 shows 
the dependence of Cmeas on VOC at temperatures ranging from 280 K to 328 K 
for various devices.  According to eq. 2-15, Cmeas-VOC plots can be considered 
to directly reveal the TiO2 DOS function, g(E). As reported previously for a 
very similar I-/I3- electrolyte,131 semi-log Cmeas–VOC plots for Z907-I are linear 
and almost independent of temperature for voltages below ca. 0.65 V. It 
follows from eq. 2-15 that this can be interpreted as evidence for an 
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exponential distribution of band gap trap states with a DOS function that can 
be expressed as 
݃୲ሺܧሻ ൌ ୲ܰ݇୆ ୡܶ exp ൬
ܧ െ ܧୡ
݇୆ ୡܶ ൰ 
7-1 
where Nt is the density of trap states at the conduction band edge, kB is 
Boltzmann constant, Tc is a characteristic temperature related to the curvature 
of the trap distribution and Ec is the energy of the conduction band edge. The 
slope of the semi-log Cmeas-VOC plots in Figure 7-3a yields a Tc value of 860 K 
for Z907-I below ca. 0.65 V where the plots are linear, which is close to 
previously reported values.131 The deviation from linearity above ca. 0.65 V, 
which is not predicted by eq. 2-15, will be discussed shortly. 
The Cmeas-VOC plots for both cells employing the [Co(bpy)3]2+/3+ electrolyte 
are markedly different to those for the I-/I3- electrolyte. The plots for Z907-Co 
are approximately parallel at low VOC with Tc ≈ 720 K, however, in contrast 
to Z907-I, the plots shift along the VOC axis toward higher VOC with increasing 
temperature. Plots for Y123-Co are not parallel at any VOC, with Tc values 
(estimated at low VOC) decreasing from 1350 K to 1140 K as temperature 
increases from 280 K to 318 K. Shifts toward higher VOC with increasing 
temperature is also observed in the Y123-Co data, but the interpretation of the 
trend is complicated by the temperature-dependent slopes of the Cmeas-VOC 
plots. It could be confirmed that the temperature-dependence of the 
capacitance plots was not caused by instability, as plots of impedance 
parameters (e.g. capacitance) versus cell voltage at room temperature were 
virtually identical before and after temperature cycling (Figure 7-3d). 





Figure 7-3 Temperature dependence of capacitance–photovoltage (Cmeas-VOC) 
characteristics for DSCs employing (a ) I-/I3- as redox mediator and Z907 as sensitizer; 
(b) [Co(bpy)3]2+/3+ as redox mediator and Z907 as sensitizer; (c) [Co(bpy)3]2+/3+ as 
redox mediator and Y123 as sensitizer. (d) Cmeas-VOC characteristics at room 
temperature before and after making impedance measurements between 280 K and 
328 K for a DSC employing Z907 and sensitizer and [Co(bpy)3]2+/3+ as redox 
mediator. Arrows in a-c) show the direction of increasing temperature. 
O’Regan and Durrant found that capacitance-voltage plots shifted towards 
lower voltage when increasing temperature for I-/I3- electrolytes.193 On first 
sight this appears to contradict one previous study by Wang et al.131 and the 
data shown in Figure 7-3a. However, one main difference in the electrolyte 
used by O’Regan et al. is that Li+ ions were present. Since Ec is known to be 
strongly affected by the concentration of Li+ ions in the electrolyte solution, it 
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is possible that temperature-induced adsorption/desorption of Li+ can shift Ec. 
To check this hypothesis the temperature-dependence of capacitance-voltage 
plots for DSCs with Li+-containing I-/I3- electrolytes was also tested. Figure 
7-4a shows that the shift observed by O’Regan et al. can be reproduced when 
Li+ ions are present, thus implicating them in the shift in Ec in this case.  
  
Figure 7-4 Temperature dependence of capacitance–photovoltage (Cmeas-VOC) 
characteristics for DSCs employing a) I-/I3- electrolyte with extra 0.1 M LiClO4 and 
Z907 as sensitizer; b) Z907 as sensitizer and a Co(II/III) based electrolyte containing 
0.2 M [Co(bpy)3]2+, 0.02 M[Co(bpy)3]3+, 0.5 M tBP in acetonitrile solution. 
Since Li+ is also present in the [Co(bpy)3]2+/3+ electrolyte solution, it was 
speculated that the shift of the Cmeas-VOC plots caused by temperature is related 
to the presence of Li+ ions. Therefore, measurements were performed on 
DSCs with a Li+-free cobalt-based electrolyte (Figure 7-4b). Interestingly, a 
very similar temperature-dependent shift in the Cmeas-VOC plots was observed 
which means that for [Co(bpy)3]2+/3+ cells, there must be another explanation 
for the shifts in Cmeas-VOC  plots. 
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7.3 Dependence of absorption spectra on temperature 
As shown by eq. 2-15, a likely explanation for the shifts between the Cmeas-
VOC plots is that one or more of Nt, Ec, or EF,redox is temperature dependent. 
There is no straightforward way of determining whether Nt is sensitive to 
temperature or electrolyte composition.  However, changes in Ec that arise due 
to a change in the electric field strength at the semiconductor-electrolyte 
interface will cause a Stark shift in the absorption spectrum of the 
sensitizer.194-196 To investigate whether changing interfacial electric fields play 
any role in the observed temperature dependence of the capacitance, the 
absorption spectra of DSCs were measured while varying temperature. 
Figure 7-5a shows optical density difference spectra at 308 K and 328 K 
relative to 288 K for TiO2 films sensitized with Z907 and immersed in the full 
[Co(bpy)3]2+/3+ electrolyte or neat acetonitrile. The spectra are remarkably 
similar, indicating that the electrolyte does not play any specific role in the 
optical density (OD) change. If the OD change arises due to a first-order Stark 
effect the magnitude of the OD change is expected to scale linearly with the 
electric field across the dye and the first derivative of the absorption spectrum 
with respect to frequency in the absence of a field. For comparison to the 
measured difference spectra, the derivative of the Z907 absorption spectrum in 
solution (where it is assumed there is no field across the dye) is also shown in 
Figure 7-5a, scaled so that it is of approximately the same magnitude as the 
measured difference spectra.  The shape of the derivative spectrum clearly 
matches the shape of the difference spectra very closely, especially the 
coincidence of the peaks and zero crossing point. This suggests that the 
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spectral changes may well be caused by a Stark effect arising from an 
interfacial electric field. 
To further investigate whether the OD changes of dyed TiO2 films are 
caused by a Stark effect, the temperature dependence of the dye absorption 
spectrum in fluid solution was also measured (Figure 7-5b, filled circles). Here, 
an electric field is not likely to be present across the dye molecules as there is 
no interface. A small, irreversible (unlike the changes for dyed TiO2 electrodes 
which were mostly reversible) decrease in absorbance was observed (red line) 
which did not match the first derivative of the absorption spectrum (blue line), 
suggesting that the OD change is not caused by a Stark effect. In fact, the 
shape of the difference spectrum just matches the dye absorption spectrum 
within the noise level, which is consistent with a temperature-induced 
decrease in dye concentration, perhaps due to thermal degradation of the dye. 









Figure 7-5 a) Absorption difference spectra relative to 288 K for a TiO2 film 
sensitized with Z907 in neat acetonitrile (filled circles) or in full [Co(bpy)3]2+/3+ 
electrolyte (open circles) at 308 K and 328 K. The first derivative with respect to 
frequency of the dye absorption spectrum in solution, where presumably zero field 
exists across the dye, is also shown (blue line). b) Absorbance spectra of Z907 dye in 
solution at 288 K and 308 K (filled circles). The difference spectrum multiply by 10 
(red line) and the first derivative with respect to frequency (blue line) are also shown.   
These experiments confirm that the TiO2/dye interface is required in order 
to observe the spectral shift, supporting the hypothesis that the shift is caused 
by an interfacial electric field. Unfortunately, however, there is no 
straightforward way of quantitatively linking the measured OD changes to a 
shift in Ec. Therefore, the temperature dependence of EF,redox was also 
investigated in an attempt to quantify the different contributions. 
7.4 Temperature dependence of redox potential 
TheEF,redox was measured as a function of temperature using a non-
isothermal cell to help determine the reason for the temperature-dependent 
capacitance. To do this it was assumed that negligible Soret and Thompson 
potentials exist in the cell197 and that negligible changes in isothermal liquid 
junction potentials occur when the temperature is changed. Significant 
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isothermal liquid junction potentials probably do exist in this experiment, but 
provided that they are approximately constant over the studied temperature 
range, the change in redox Fermi energy, EF,redox, can still be estimated. 
Figure 7-6 shows how EF,redox varies with temperature for both I-/I3- and 
[Co(bpy)3]2+/3+ electrolyte solutions. Interestingly, the dependence of EF,redox 
on temperature for the [Co(bpy)3]2+/3+ electrolyte is of the correct sign (note 
that in this work EF,redox is defined as an electron energy not a potential) and 
approximately the correct magnitude to cause the shifts between Cmeas-VOC 
plots (Figure 7-3b). For the I-/I3- electrolyte, the relative invariance of EF,redox 
with temperature is also fully consistent with the overlap between Cmeas-VOC 
plots over most of the voltage range (Figure 7-3a).  
 
Figure 7-6 Changes in the electrolyte redox Fermi energy relative to 295 K (EF,redox) 
as a function of temperature. The arrows indicate the direction of the temperature 
sweep. 
Therefore, the results shown in Figure 7-3 (b, c) strongly suggest that the 
shifts in Cmeas-VOC plots for the [Co(bpy)3]2+/3+ electrolyte are mainly caused 
by changes in EF,redox. It is worth noting here that Gritzner and co-workers 
have observed a very similar temperature dependence for the polarographic 
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half-wave potential of the [Co(bpy)3]2+/3+ couple in the same solvent: 2.22 mV 
K-1 versus the current result of 1.62 meV K-1 for –EF,redox.198 The small 
discrepancy can probably be attributed to the fact that EF,redox was measured 
using potentiometry, not the half-wave potential, and that in the current case a 
concentrated electrolyte with unequal concentrations of oxidized and reduced 
species was used. 
7.5 Voltage and temperature dependence of transport and 
recombination resistance 
7.5.1 Transport resistance  
Figure 7-7 shows semi-log Rt-VOC plots for Z907-Co and Y123-Co at 
various temperatures. The plots appear to be quite weakly dependent on 
temperature compared to previous reports for the I-/I3- redox mediator,131 
partly due to the temperature dependence of EF,redox which shifts the plots 
closer together. For electron transport via a conduction band of extended 
electronic states, the TiO2 electron transport resistance can be written in terms 
of VOC as  
ܴ୲ ൌ ܴ୲,଴exp ൬െݍ ୓ܸେ ൅ ܧ୊,୰ୣୢ୭୶ െ ܧୡ݇୆ܶ ൰ 
7-2 
where Rt,0 is a constant related to the geometry of the TiO2 film, the effective 
density of states at Ec and the free electron mobility. At low enough VOC the 
plots approach the “ideal” slope of −q/(2.303kBT) decades per V predicted by 
eq. 7-2.131 As VOC increases the plots curve and become progressively less 
ideal, a common phenomenon that has also been reported for the I-/I3- 
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mediator.26 The simplest explanation for the near-ideal slope at low VOC is that 
transport occurs via states far above nEF and that the TiO2 energy levels are 
pinned. The increasing non-ideality and curvature at higher VOC may suggest 
either that transport occurs via bandgap states that are near nEF (where in 
general an “ideal” slope is not expected) or that the TiO2 conduction band 
unpins.26,199,200 
Figure 7-7 Dependence of TiO2 electron transport resistance (Rt) on photovoltage 
(VOC) and temperature for DSCs employing [Co(bpy)3]2+/3+ as redox mediator and 
either Z907 (a) or Y123 (b) as sensitizer. The dashed lines indicate an ideal slope of 
18 decade per V at 298 K. 
An Arrhenius-type analysis can also be performed using eq. 7-2, where the 
activation energy can be identified as Ec –nEF. However, in order to perform 
this analysis, Rt values have to be obtained at matched Ec – nEF.193 In the 
present case VOC cannot be used to identify sets of Rt data at matched nEF 
because EF,redox varies significantly with temperature (Figure 7-6). Therefore, 
here Cmeas is used instead of VOC as a proxy for Ec – nEF at all temperatures. Rt-
Cmeas data can be interpolated to predict Rt values at matched Cmeas and at 
various temperatures, with which Arrhenius plots can be constructed. This 
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assumes that the TiO2 band gap state distribution is independent of 
temperature, which seems not the case for Y123-Co (Figure 7-3c), therefore 
the analysis here will be restricted to Z907-Co. 
Figure 7-8a shows an Arrhenius analysis for Z907-Co at various 
capacitance values, which should correspond to a range of nEF – Ec. The 
activation energies obtained in this analysis are plotted against the VOC 
corresponding to the capacitance values at 280 K (Vref) in Figure 7-8b. Since 
the Cmeas-VOC plots are parallel at low VOC for Z907-Co, using a different 
reference temperature will not affect the slope and will only translate the plot 
along the Vref axis. An increase in Vref will cause an equal increase in nEF (Vref 
= nEF – EF,redox) and a corresponding decrease in EA (EA = Ec – nEF), therefore 
the slope of the plot in Figure 7-8b is predicted to be -1. Most of the data are 
in reasonable agreement with the theoretical prediction (dashed red line), 
except for the highest couple of points which may deviate from the line due to 
unreliable fitting of Rt at high VOC or unpinning of the TiO2 conduction band. 
This finding is consistent with the previous analysis of the dependence of Rt 
on VOC (Figure 7-7a). 
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Figure 7-8 a) Arrhenius plots of transport resistance (Rt) at various capacitance values; 
b) Plot of activation energy (EA) versus VOC corresponding to the capacitance values 
at 280 K (Vref).  
7.5.2 Recombination resistance  
The dependence of Rrec on VOC is usually found to follow 
ܴ୰ୣୡ ൌ ܴ୰ୣୡ,଴exp ൬െߚ ݍ ୓ܸେ ൅ ܧ୊,୰ୣୢ୭୶ െ ܧୡ݇୆ܶ ൰ 
7-3 
where Rrec,0 is a constant related to a number of factors including the 
recombination rate constant and the TiO2 density of states, and  is the 
recombination reaction order. On the one hand, for conduction band mediated 
recombination  must be 1191 and thus the slope on a semi-logarithmic Rrec-
VOC plot should be the “ideal” q/2.303kBT. On the other hand, for 
recombination via band gap surface states  is expected to be < 1 and the slope 
on the Rrec-VOC plot should be “non-ideal”.191  
Figure 7-9 a shows the Rrec-VOC characteristics for Z907-Co at temperatures 
in the range of 280 K to 320 K. Plots for Z907-Co are strongly temperature-
dependent and exhibit highly non-ideal slopes over the entire VOC range 
Chapter 7 Capacitance, Transport and Recombination in [Co(bpy)3]2+/3+ cells 
154 
 
(Figure 7-9b), even at low VOC where Rt-VOC plots are quite ideal. Because of 
this, it can be concluded that charge transfer via band gap states must play at 
least some role in the recombination process for this cell. Figure 7-9c shows 
the Rrec-VOC characteristics for Y123-Co at temperatures ranging from 280 K 
to 328 K. As also found for the Rt-VOC data, the plots are only weakly 
dependent on temperature and almost overlap at higher voltages, which is 
significantly different from Z907-Co data. However, this should not be 
interpreted as evidence for temperature-independent recombination kinetics 
because the voltage scale has not been corrected for the temperature 
dependence of EF,redox (Figure 7-6). At low VOC and temperature the slope is 
ideal (Figure 7-9d) and it decreases with increasing temperature, as predicted 
by eq. 7-3. This is consistent with conduction band mediated recombination as 
discussed above. However, at high VOC the plot deviates from ideality. One 
possible explanation for this is that the conduction band unpins at high voltage, 
as also suggested by the Rt and Cmeas data at high VOC. Note that, unlike the Rt 
data, the Rrec data is likely to be very reliable, even at high VOC, as the arc in 
















Figure 7-9 a) Dependence of recombination resistance (Rrec) on photovoltage (VOC) 
for a DSC employing [Co(bpy)3]2+/3+ as redox mediator and Z907 as sensitizer (Z907-
Co) at various temperatures; b) Rrec-VOC characteristics for Z907-Co cell at 280 K 
with ideal slope of 18 decade per volt indicated; c) Rrec-VOC  characteristics for a DSC 
employing [Co(bpy)3]2+/3+ as redox mediator and Y123 as sensitizer (Y123-Co) at 
various temperatures; d) Rrec-VOC characteristics for Y123-Co cell at 280 K with ideal 
slope of 18 decade per V indicated.  
Another measure of recombination that does not rely on fitting impedance 
spectra is the VOC-light intensity characteristic, as shown in Figure 7-10 for 
Z907-Co and Y123-Co. For conduction band mediated recombination, a plot 
of VOC versus the logarithm of the incident photon flux (I0) is expected to have 
a slope of 2.303kBT/q, whereas for surface-state mediated recombination a 
non-ideal slope of greater than 2.303kBT/q is expected. The slope of the plot 
in Figure 7-10b indicates that recombination occurs via surface stats for Z907-
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Co, while Figure 7-10d points to conduction band recombination over the 
lower half of the VOC range at low temperature for Y123-Co. At higher VOC the 
plot curves upwards, which may indicate an unpinning of the conduction band 
edge. These data fully support the conclusions drawn from the impedance data 
presented earlier, implying that Rrec was indeed successfully extracted by 
fitting impedance spectra. 
Figure 7-10 a) Dependence of photovoltage (VOC) on light intensity (I0) for a DSC 
employing [Co(bpy)3]2+/3+ as redox mediator and Z907 as sensitizer (Z907-Co) at 
various temperatures;  b) VOC-I0 characteristics for Z907-Co cell at 280 K with ideal 
slope of 55.6 mV per decade indicated; c) VOC-I0 characteristics for a DSC employing 
[Co(bpy)3]2+/3+ as redox mediator and Y123 as sensitizer (Y123-Co) at various 
temperatures; d) VOC-I0 characteristics for Y123-Co cell at 280 K with ideal slope of 
55.6 mV per decade indicated. 
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Figure 7-11a shows Arrhenius plots of Rrec for the Z907-Co cell. Rrec values 
at matched nEF were obtained in the same way as for the Rt data, by 
interpolating Rrec-Cmeas data. Figure 7-11b shows the activation energies 
obtained in this analysis as a function of VOC at 280 K. The slope of the plot is 
far from unity as expected for conduction band mediated recombination. In 
principle, the activation energy calculated from the temperature-dependence of 
Rrec should correspond to -(Ec – nEF) and thus a plot of EA versus VOC should 
have a slope of .  However, the value of  derived from this plot is greater 
than unity. This is inconsistent with analysis of Rrec-VOC data obtained at any 
given temperature. This inconsistency indicates that the pre-factor Rrec,0  is not 
a constant. This is not particularly surprising considering that EF,redox, and thus 
the driving force for recombination, also changes with temperature. This is not 
properly captured in the Arrhenius analysis of Rrec values at matched Cmeas (i.e. 
matched energy difference between nEF and Ec) as it is not only the TiO2 
electron density that affects the electron transfer rate, but also the energy 
difference between the TiO2 electrons and the redox level. Arrhenius plots of 
Rrec are not given here for Y123-Co for the same reason that Arrhenius plots of 
Rt were not given, i.e.,  because the temperature-dependence of the slopes of 
Cmeas-VOC plots means that comparing Rrec values at matched Cmeas probably 
does not even correspond to matched nEF.  
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Figure 7-11 a) Arrhenius plots of recombination resistance (Rrec) at various 
capacitance values; b) Plot of activation energy (EA) versus VOC corresponding to the 
capacitance values at 280 K (Vref). 
7.6 Comparison of recombination mechanism between Y123 
and Z907 
As illustrated by Figure 7-12a for ܶ = 298 K, Rrec for Y123-Co is 10–100 
times larger than that for Z907-Co at any given temperature or VOC. This is the 
main reason that Y123-Co exhibits higher VOC and overall PCE under 
simulated solar irradiance. Results of the analysis in the previous section 
provide strong evidence that recombination occurs predominantly via the 
conduction band for Y123-Co, but via band gap states for Z907-Co. Since Rrec 
can be considered as a parallel combination of resistances for conduction band 
recombination (Rrec,cb) and band gap state recombination (Rrec,t), to cause a 
change in the slope of log (Rrec)-VOC from ideal (conduction band 
recombination) to non-ideal (band gap state recombination) and an overall 
decrease in total Rrec, it is necessary for Rrec,t to decrease more than Rrec,cb at 
any particular VOC when changing dye from Y123 to Z907. The slope change 
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alone could be produced by just increasing Rrec,cb, but this would not lead to 
the overall decrease in Rrec. 
Figure 7-12 Dependence of a) recombination resistance (Rrec) and b) measured 
capacitance (Cmeas) on photovoltage (VOC) for DSCs employing [Co(bpy)3]2+/3+ as 
redox mediator and either Z907 or Y123 as sensitizer at 298 K. 
One of the most obvious possible causes for a decrease in Rrec,t at a given 
VOC is an increase in the density of band gap states near nEF. All other things 
being equal, a difference in the density of states near nEF of at least 10–100 
times would be required to reproduce the difference in Rrec between the two 
dyes. This could either occur due to the creation of new states by Z907, or due 
to a downward shift in the TiO2 energy levels with respect to the redox level. 
However, these possibilities can be ruled out based on the slightly lower Cmeas 
values for Z907-Co compared to Y123-Co at any given VOC (Figure 7-12b). 
Since it can be ruled out that the change in recombination mechanism 
induced by changing dye is caused by differences in the energies and densities 
of TiO2 donor states, only two possibilities remain: either the acceptor state 
distribution, or the coupling between donor and acceptor states, depends on 
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the nature of the dye. In the framework of Marcus-Gerischer theory, a change 
in acceptor state distribution implies a change of the reorganization energy. In 
principle, reducing the reorganization energy from the expected value of ~1.4 
eV to a value closer to the energy of the TiO2 band gap states could induce a 
transition from conduction band to band gap state mediated recombination.201 
Since the dye is probably not directly involved in the charge transfer, it is not 
reasonable to expect that the nature of the dye will affect , especially 
considering that innersphere reorganization makes up ~1 eV of the expected 
1.4 eV reorganization energy for [Co(bpy)3]2+/3+.202,203 This was confirmed by 
simulations of Rrec-VOC characteristics using a model based on Marcus-
Gerischer theory for various values of that are presented elsewhere.149 
A more reasonable explanation for the drop in Rrec is that the nature of the 
dye alters the strength of the electronic coupling between TiO2 states and 
[Co(bpy)3]3+ acceptor states. This could arise due to some or all of the 
following: differences in the steric bulk of the dye affecting the distance 
between [Co(bpy)3]3+ ions and the TiO2 surface,52,118 differences in the ability 
of different dye mediums to attenuate the electronic coupling (i.e. different 
barrier heights), differences in the coverage/compactness of the dye 
monolayers, or differences in the ability of the dyes to bind [Co(bpy)3]3+ ions 
near the TiO2 surface by columbic attraction.116,117,204 However, for any of 
these explanations to be correct, electronic coupling with band gap states must 
be attenuated more than with conduction band states on changing from Z907 
to Y123, otherwise the change in predominant recombination route would not 
be observed when changing dye. A possible mechanism for this involves the 
energy and distance dependence of the coupling. It is known that the 
Chapter 7 Capacitance, Transport and Recombination in [Co(bpy)3]2+/3+ cells 
161 
 
electronic coupling decays approximately exponentially with distance, with a 
decay constant that is proportional to the tunneling barrier height. Larger 
barriers cause a more rapid decrease in tunneling probability with increasing 
distance than smaller barriers. To a rough first approximation, the barrier 
height is the energy difference between the initial state in the TiO2 (i.e. the 
conduction band edge or surface-state energy) and the nearest available state 
on the dye (e.g. the LUMO).205 
Electron transfer probability from surface-states, which lie at lower 
energies than conduction band states, will drop off more rapidly with distance 
than from conduction band states. Since the Y123 dye is bulkier than 
Z907,206,207 it is reasonable to assume a thicker barrier and, therefore, electron 
transfer from all kinds of states will be attenuated more for Y123 than for 
Z907, but transfer from conduction band states will be attenuated less than 
from surface states. The overall effect of changing from Z907 to Y123 is to 
increase total recombination resistance while also increasing the fraction of 
recombination occurring via the conduction band, thus changing the slope on 
the Rrec-VOC plot form non-ideal to ideal.  This explanation is also applicable if 
the more negatively charged Z907 dye binds [Co(bpy)3]3+ ions more strongly 
than the Y123 dye;204 in this case, the average charge transfer distance is also 
expected to be reduced, again increasing the relative importance of band gap 
states in the recombination process for a given barrier height. 




Efficient DSCs employing [Co(bpy)3]2+/3+ as redox mediator and either 
organic dye Y123 or ruthenium dye Z907 as sensitizer were characterized 
using impedance spectroscopy over a range of temperature and photovoltage. 
A transmission line model was used to extract the TiO2 capacitance and the 
transport and recombination resistances. Capacitance-photovoltage plots 
shifted toward higher photovoltage with increasing temperature due to a 
negative shift in the electrolyte redox Fermi energy, which was estimated to 
have a temperature coefficient of -1.62 meV K-1. The capacitance-
photovoltage plots were not exponential over the entire voltage range and the 
nature of the dye and electrolyte solution changed the slopes/shapes of the 
plots. This could either be caused by a non-exponential TiO2 density of states 
that depends on the dye and electrolyte composition, by varying degrees of 
unpinning of the TiO2 energy levels, or both. 
The dependence of transport resistance on photovoltage was generally 
found to be non-ideal, with ideality increasing as photovoltage was decreased. 
The dependence of recombination resistance on photovoltage and temperature 
for DSCs employing the Y123 dye is consistent with a model where 
recombination only occurs via the conduction band, with a possible unpinning 
of the band at high VOC. In contrast to Y123, when the Z907 dye is used 
recombination clearly occurs via band gap states near the quasi-Fermi energy. 
Because of this, the recombination resistance for Z907 cells is 1–2 orders of 
magnitude smaller than for Y123 cells at any given photovoltage or 
temperature. This leads to lower 1 Sun photovoltage, fill factor and efficiency 
Chapter 7 Capacitance, Transport and Recombination in [Co(bpy)3]2+/3+ cells 
163 
 
for cells employing Z907. The reason for the change in recombination 
mechanism brought about by changing the dye is thought to be that the two 
dyes differ in their ability to attenuate electronic coupling between 
[Co(bpy)3]3+ and states in the TiO2, probably due to differences in the steric 
bulk of the dyes. Because band gap states exist at lower energies than 
conduction band states, the applicable tunneling barrier height is expected to 
be larger for band gap states and thus the rate constant is predicted to be more 
sensitive to the electron transfer distance. Consequently, recombination from 
band gap states is expected to be suppressed more effectively than from higher 
lying conduction band states when increasing the size of the dye, such as 
moving from Z907 to Y123. 
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8 General conclusions and outlook 
8.1 General conclusions 
Various redox mediators have been evaluated and characterized in dye-
sensitized solar cells (DSCs). The mediators studied can be separated into two 
categories: organic sulfur and cobalt bipyridyl complexes. In the course of this 
study, fundamental insights were gained into the operating principles of DSCs 
employing these redox mediators, and a new method was developed to 
confirm the magnitude of the electron diffusion length when it is shorter than 
the TiO2 film thickness. Finally, the performance of DSCs using these redox 
mediators has been improved. 
8.1.1 Organic sulfur based redox mediators 
Significant advances in DSCs employing organic sulfur based redox 
mediators have been achieved: 
 In Chapter 3, it was identified that regeneration of ruthenium dyes N719 
and Z907 by the tetramethylthiourea (TMTU) mediator is inefficient, while 
regeneration of indoline dyes is much more efficient (≥ 90%). The reasons for 
this are complex as both recombination and regeneration times depend on the 
dye used. In general, regeneration time decreases as the dye HOMO potential 
becomes more positive (increasing regeneration driving force) but 
recombination time does not correlate well with HOMO potential. Besides 
improving regeneration efficiency, utilization of indoline dye D205 improves 
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light harvesting due to its very high extinction coefficient and good spectral 
matching with sunlight. It was found that conventional Pt-coated FTO 
electrodes are not good catalysts for reduction of the oxidized species 
tetramethylformaminium disulfide (TMFDS2+). A porous carbon black 
electrode was employed in order to increase the surface area of the counter 
electrode and achieve acceptably low charge transfer overpotential. After 
careful optimization, a solar-to-electric energy conversion efficiency of 7.6% 
was achieved with the TMTU/TMFDS2+ redox couple and the D205 dye, 
which is one of the highest reported to date for a DSC based on an organic 
redox mediator.  
In Chapter 4, a series of dithioate based redox mediators were also 
evaluated in DSCs for the first time. Among all of them, the 
diethylcarbamodithioate redox mediator showed the best power conversion 
efficiency of 3.9% when used with ruthenium dye Z907 and a porous carbon 
black counter electrode. The success of the diethylcarbamodithioate redox 
mediator among all of the three analogues studied is due to its negligible 
visible light absorption and fast regeneration kinetics, possibly due to the very 
large regeneration driving force (~0.83 eV). However, the overall performance 
is limited by its relatively negative redox potential and slow counter electrode 
kinetics, even when porous carbon black is used. Overall, it is identified that 
DSCs employing the organic sulfur based redox mediators investigated in this 
thesis generally exhibit very slow recombination with the oxidized mediator 
compared with high efficiency mediators such as I-/I3- and Co(II/III). Since 
recombination is a key limiting factor to the operation of all DSCs, and will 
continue to limit performance even when all other factors (e.g. light absorption, 
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charge injection, dye regeneration) have been optimized, identification of 
redox couples with such slow recombination kinetics will become increasingly 
important. 
8.1.2 Cobalt bipyridyl complexes based redox mediators 
In Chapters 5, a previous observation of better performance when using 
cobalt bipyridyl complexes ([Co(bpy)3]2+/3+) mediators with the Z907 dye than 
the N719 dye was confirmed. To better quantify charge collection in N719 
cells, a new approach was developed for calculating electron diffusion length 
(Ln) when it is shorter than the TiO2 film thickness, using a combination of 
impedance spectroscopy and near-infrared transmission measurements. The 
transmission measurement is essential for estimating the cell capacitance, 
which cannot be unambiguously determined from impedance spectra when the 
diffusion length is too short. In the same work, it was confirmed that the steric 
hindrance of the dye is more important in modulating recombination rate than 
the charge of the dye.  
Following the above work, in Chapter 6 DSC performance using the Z907 
dye and [Co(bpy)3]2+/3+ was further improved by using an alkylphosphonic 
acid as a coadsorbent. A maximum power conversion efficiency of 8.5% was 
achieved under full sunlight. It was found that excessive coadsorbent loading 
deteriorated the cell performance, not only because of the expected decrease in 
light absorption but also because of an increase in recombination rate, as 
evidenced by impedance measurements. This was unexpected and it was 
speculated that this could be caused by the collapse of the alkyl chain 
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monolayer at too high a concentration, leading to a thinner shielding layer 
between TiO2 electrons and [Co(bpy)3]3+.  
When studying [Co(bpy)3]2+/3+ mediators at various temperatures in 
Chapter 7, it was found that the redox potential of concentrated [Co(bpy)3]2+/3+ 
solutions is temperature dependent, which cannot be solely explained by the 
Nernst equation, and thus is due to the change in standard potential, implying 
a non-zero entropy change for the redox reaction. This has implications for 
operation of DSCs at different temperatures as it can change the driving force 
for both regeneration and recombination. Temperature-dependent impedance 
studies reveal mostly ideal electron transport for cells using the Z907 dye and 
the Y123 dye at low photovoltage. Recombination in the Z907-Co cell is 
found to be faster than in the Y123-Co cell, and occurs predominantly via 
surface states, while it occurs via the conduction band for the Y123-Co cell. 
The difference in mechanisms is speculated to be caused by the difference in 
barrier heights for surface states and conduction band mediated recombination 
(which affects the distance-dependence of electron transfer probability), and 
the difference in the bulkiness of the dyes (related to barriers thickness).   
8.2 Outlook 
The current record for dye-sensitized solar cells is 12.3%, which was 
achieved with a [Co(bpy)3]2+/3+ mediator in combination with a porphyrin 
sensitizer in 2011, while the studies presented herein were underway.18 This is 
the first time that DSCs based on an iodine-free redox mediator have held the 
record efficiency in the history of DSC. However, there is still room for 
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improvement as the theoretical maximum efficiency for a DSC is ~20%, 
targeting a 0.4 eV potential loss with an optical bandgap of 1.31 eV 
(corresponding to an absorption onset of 940 nm).208 To approach this 
theoretical maximum, development of new materials and fundamental 
understanding of DSC operation has become more and more important.  Based 
on the current study, the following aspects are proposed for future studies: 
(1) Stable organic sensitizers for use with organic sulfur redox mediators 
The current state-of-the-art sensitizers are mainly designed for the I-/I3- 
redox couple. When using alternative redox mediators, especially with more 
positive redox potential, the current dyes are not ideal for efficient 
regeneration.28,106 For instance, when studying the tetramethylthiourea (TMTU) 
redox mediator, it was found that conventional ruthenium dyes cannot be 
regenerated by TMTU efficiently, probably due to a ca. 200 mV more positive 
redox potential compared to I-/I3-. Instead, an indoline dye with slightly more 
positive HOMO level was found to be regenerated by TMTU efficiently, 
without substantially sacrificing light absorption capability. This would be 
quite ideal were it not for the fact that indoline dyes generally suffer from poor 
long-term stability.87 It was observed that indoline dyes gradually desorb from 
the TiO2 surface with time, as also observed by others.209,210 This might be due 
to the weaker bonding with TiO2 through only a single carboxylate group, as 
compared to two carboxylate groups for conventional ruthenium dyes. 
Therefore, designing dyes which have similar kinetics to indoline dyes but 
with stronger binding groups, or optimizing the current indoline dyes with a 
stronger binding group (e.g. phosphonic acid group)211 rather than a 
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carboxylate group would be potentially useful for further improving the DSC 
stability when using organic sulfur based redox mediators.  
(2) Searching for stable and catalytic counter electrode materials for 
organic sulfur based redox mediators 
One of the limiting factors in the current DSCs based on organic sulfur 
redox mediators is the sluggish charge transfer at the counter electrode, which 
lowers the fill factor and overall power conversion efficiency. Although the 
use of porous carbon black material decreases the charge transfer resistance 
compared to conventional platinum, the diffusion of redox molecules in the 
pores of the carbon black may be a problem, resulting in increased diffusion 
overpotential. Porous poly(3,4-ethylenedioxythiophene) (PEDOT) has been 
shown by others to be catalytic for some thiolate/disulfide redox couples;135,136 
however, preliminary results show that PEDOT is not very catalytic for the 
TMTU/TMFDS2+ redox couple studied in the current thesis, and the stability 
of PEDOT for use with these thiolate/disulfide redox couples in the reported 
work is also unknown. It has also been found that additional charge transfer 
resistance (several ohms) is introduced when depositing porous films (e.g. 
carbon black and PEDOT) on FTO, possibly due to the additional interface 
formed (FTO/porous film).135 Further work is needed in searching for and 
identifying more suitable and stable catalytic materials to ensure fast counter 
electrode kinetics for the organic sulfur based redox mediators.      
(3) Distance and energy dependence of heterogeneous electron transfer 
from nanocrystalline electrodes 
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Evidence was found that the distance dependence of electron transfer from 
nanocrystalline TiO2 electrodes to redox molecules in solution depends on 
whether it occurs from low energy surface states or conduction band states, 
due to different barrier heights. Systematic studies with different surface 
treatments to modify surface state density, and with different adsorbent 
molecules to vary barrier width and height are required to further improve 
understanding of the electron transfer mechanism. This is important not only 
for understanding recombination in DSCs, but also for understanding 
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